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SUMMARY 

Tlie Solar Power Satellite (SPS) is a viable alternative energy source to replace fbssile 
fuel dependent systems. Its large solar energy oolleotor is a qouroe of electrical 
power which is converted to microwave energy and relayed from the collection site in 
geosynchronous orbit to the ground receivlr^ system- The feasibility of the relay link 
depends on the capability of keeping each transmitting planar array antenna with its 
beam center pointed at the ground receiving antenna (rectenna), and the phase erroi' 
over the aperture small enough so that efficiency is high. Pointing error and phase, 
erx’or should also be small to niinimiae iacidenoe of stray energy pealcs outside of the 
rectenna aperture. This study was performed to evaluate the tolerance variations in 
the struotnre of the MPTS, and their contribution to slope error of the antenna array. 
Each SPS has two power transmitting antennas. The general characteristics of each 
antenna are shown in Table 1, On the basis of m?:st parameters except frequency, the 
MPTS represents a major advancement in the state of the art for large microwave 
antennas. For comparison purposes, the gains of several large existing antennas are 
shown in Figure 1. The MPTS has over 10 times the aperture area of the lar*gest 
(Arecifao), and approximately 20 times the gain at 2,45 GHz. 

Figure 2 shows the elements of the MPTS that function to achieve pexformance of diis 
magnitude. Pure mechanical pointing and surface figure control over the 1-km aper- 
ture cannot be expected to achieve the necessary beam characteristics. The ant enna 
system is a hybrid design of a coarse mechanical pointing and surface control system 
and an eleotronio phasing system for fine wavefront adjustment, 

A tower is used to attach the autenna primary structure to the SPS solar collector, A 
360-degree pivot allows the antenna to rotate once per day to track the rectenna. In 
the baseline approach for this study, a constant angular rate pivot is used, with the 
fine pointing accomplished at the antenna interface- This simplifies the 360-degree 
pivot design where rotating contacts are needed to transfer power from the solar col- 
lector to ihe tower. A + 10 degree pivot od two axes is used at the antenna. Flexlines 
carry power around this junction. There are a number of viable approaches for atti- 
tude control. Because of the inherent rigidity of the primary structure, distributed 
control actuators do not appear necessary. 

The antenna system operates in an environment which causes structural deformations 
and beam pointing exror {see Figure 3). These must be minimized so that the dis- 
torted wavefront can be corrected electronically. The antenna points at a rectenna 
which is probably not located on the equator. The resulting elevation pointing angle 
causes gravity gradient and dynamic unbalance torques on the antenna. The accelei’a- 
tion of the antenna toward the eg of the SPS is appreciable because of the large sepa- 
ration. Transient forces and torques are also transmitted through the support tower. 
The effects of these acceleration loads have been found to be very small. 


Table 1. MPTS parameters. 



Type of antenna 

Diameter of aperture 

Antenna mass 

Power transmitted (CW) 

Frequency 

Directivity 

Beamwidth (3-dB) 

Mount — Azimuth range 

Elevation range . . . . 
Slewing rates (maximum). . . . 
Mechanical pointii^ accuracy 
Electronic pointing accuracy. 

Illumination taper 

Bandwidth — modulation .... 


Planar array 
1000 m (3281 ft) 

3,58 Mkg (18.92 x 10® lb) 

5 GW (67 dBW) 

2.43 GHz 

86 dB 

31. 4 arc sec 
360 degrees 
^ 10 degrees 

1 arc sec/sec 

2 arc minutes 

6 arc sec 
10 dB 

Not applicable 


Thermal distortions, primarily caused by the waste heat rejection of the rf system, 
are controlled by the use of low thermal expansion composites in the primary and 
secondary structures. 

The basic alignment requirement for the structure of the subarray surface is 3 arc min. 
maximum slope error in the operating environment. This encompasses all manufac- 
turing errors, thermal distortions, static structural loads, and dynamic movement 
resulting from transient loads. Slope error (tilt errors of the subarrays with respect 
to the line of sight to the rectenna) has two effects on performance. It results in loss 
of directivity, and in pointing error. The rms slope error over the aperture is a 




Figure 1* The MPTS will e:s:ceed the gain of the largest 
easting microwave antennas* 
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Figure 2* Functional elements of the MPTS* 
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« Esistlug materials measuremeut, manufacturing, assembly and alignment tech*' 
niquQS can be used to build the MPTS anteuna strucuure, orders of magnitude 
larger than current space systems. 

• Manufacturing tolerance can be critical to rms slope error. Study results show 
that the slope error budget can be mot with a passive system. As a backup 
approach, initial active alignment can be used to correct the interface between 
the structures. Tolerance then is limited by measuremeut accuracy and actuator 
resolution, 

« Because of the Inherent long term dimensional stability of graphite/epoxy struc- 
ture under light loading conditions, the structures are expected to remain in 
alignment if adjusted accurately Initially, The 30-year service life does lower 
couBdence in long term creep predictions. Test data is needed for candidate 
J0Lbor/matrts systems, 

« Manufacturing tolerance does not contribute appreciably to pointing accuracy, A 
pointing bias caused by manufacturing* error can bo corrected by the attitude 
control system. 

• Joints witliout free play are preferable in the assembly of the large truss struc- 
tures, Joint "slop, " as contrasted to joint tolerance, can bo eliminated by bond- 
ing or welding. Joint tolerance Is a small part of overall strut length, and maizes 
a minor contribution to slope error, 

9 The material properties of GY-70/X-30 pseudoisotropic grapliite /epoxy composite 
were used as representative of strength, modulus and coefficient of thermal expan- 
sion (see Table 3). Variation in material properties, particularly for CTE, from 
part to part is more significant tlian the actual value. The design can accommodate 
predictable length changes and still achieve the required flatness. he uncertainty 
in GTE leads to the thermal distortion that degrades performauoe. .lowever, 
thermal distortion is small over the range of operating temperatures, and material 
properties not as well I'egulated as those of GY-70/S-30 will meet requirements. 

• Two configurations of the secondary structure were considered. The first has 61 
separate hexagonal structural elements. The second has the same elements joined 
to form a continuous secondary structure over the entire aperture. There Is not a 
significant difference in parts count or performance. The continuous secondary 
behaves as a homogeneous plate attached at 75 nodes of the primary interface. 

Since It carries bending stress, it can distort the primary or conversely smooth 
out priiiuxi'y distortions. It tends to transfer distortions to the outer edge where 
slope error has less effect on performance. The 61 separate secondary structures 
are easier to simulate and analyze, 

« Active control during operation Is not warranted. Initial alignment of the primary 
structure, and secondary structural elements is considered as an alternative to 
"tlnlter toy" assembly of accurately "trimmed" truss elements. The initial 
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Table 3. Pseudoisotroidc GY-70/X-30 is a representative dimensionally stable comix)site 


Standard 

Deviation 


Units 


Mean 


Cliaracteristic 


G2 

1. 80 (0. 065) 
2.61E8 (37.8) 
1.08E11 (15.7) 
0.32 

2.43E8 (35.2) 
9.C5E10 (14.0) 
0.30 

1.5E8 (22.3) 

3. 5E10 (5. 04) 

0. 038 (-0. 021) 
0.20 (31.9) 
0.132 (31.9) 

2. 8E-5 (1. lE-3) 

0.91 

0.81 


percent 

g/cc (Ib/cu in.) 
N/m^ (l<si) 
N/m^ (msi) 


Fiber volume 
Density 

Tensile strength, F.pu 
Elastic modulus, Erp 
Poisson's ratio, /i'p 
Compressive strength, Fq^ 
Elastic modulus, Eq 
P oisson's ratio, Hq 
Ultimate shear stress, Fsu 
Rigidity, G 

Thermal coefficient, CTE 
Six3Cilic heat 
Thermal conductivity 
Resistivity , 

Solar absorptancc,a 
Thermal emittance,€ 


4.03E7 (5.85) 
6.76E9 (0.98) 


1.61E7 (2.34) 
6.14E9 (0.89) 


N/m^ (lisi) 

N/m^ (msi) 

£/C (€/F) 

Cal/gm-C (Btu/lb-F) 
Cal/cm-sec-C (Btu/ft-hr-F) 
ohm-m (ohm-ln.) 


alignment system could bo used periodidoUy if necessary to realign during the 
service lifej but active figure control to compensate for dynamic and thermal 
distortion is not necessary, 

• The improvement in efficienoy with active control is small compared to the 
potential improvement of a slight increase in system size at the same approximate 
cost, 

9 DisMbuted attitude control is not necessary for the MPTS. The truss structures 
are stiff enough so tliot even with the large noustraccural weights supported, tlie 
antenna behaves essentially as a rigid body. An alternative combined use of CMG 
paoltages to sense and damp oscillations within the structure as well as to provide 
steering torques can be used if lax'ger than anticipated disturbances are generated 
by the SPS solar collector, e.g, those resulting from an aluminum SPS structure, 

0 The preferred attitude control approach is direct drive, i.e, . steering the antenna 
by applying torques at the intex-face to the solar collector. System weight and 
complexity increases for momentum exchange devices, and Jet systems are Im- 
practical foi' the 30-year operational life because of fi;el requirements. 

* An increase in secondary subarraj, size reduces the strut count in the structure, 
increases depth and stiffiaess, and improves the structural accuracy. A suggested 
reduction in subai'ray count from 7354 to 6932 can be accommodated by a 10-bay 
primary' (with the secondary supported on the larger face), and a 12-bay secondary 
structiu'e. 

The basic objective of this stu.dy has been to determine the acliievable flatness for the 
MPTS structure. The study shows feasibility, even for a passive structure. The 
real objective of the study then becomes the identification of new technology areas 
requlx'ing effort to ensure the success of the M\?TS antenna concept. 

Attitude control of the MPTS requires definition. The effectiveness of a "direct drive" 
contx'ol system is not cex-tain until the entire SPS is modeled and the interaction of the 
solar collector and MPTS strixotures have been examined. A study is proposed for 
preliminary design of direct drive vax'iations and analysis of the control system 
pex'formanoe. 

Material properties are areas of uncertainty. Although the requix'ed MPTS perform- 
ance can be achieved with existing composites, considex-able impx'ovement is antici- 
pated before actual construction of tlie SPS begins. Matex'ials and px'ocesses are 
interrelated. A new technology area of considerable scope is represented by the 
optimization of matexta’s and px'ocesses for MPTS fabrication. Two study areas ax'e 
suggested for continuing woi'k. The first has as its objective, to develop an ideal 
gx’aphite/i'esin system for MPTS applicatioa, considering the necessary processes 
for In-spacQ fabrication. The second is a comprehensive materials test program 
fora representative pitch fiber/ polyimide composite system. The latter program's 


objective is to provide a materials properties data base with emphasis oa statistloal 
distribution for oontluuing aaalj'sis of MPTS performance. 

Other areas ai'e suggested for investigation, including laser measurement systems 
and reliable, spaoo-qualified linear actuators for the active control and attitude 
control options. Zero tolerance joints, tliot can be made rellablj^ in space are 
needed. Much of tlie new teohnology required for tlie MPTS, a,g. , beam builders 
for large space structures, is already in development. 

In short, the MFTS structure represents a reasonable extension of the present state 
of the art. Furthermore, die probability is high that the accuracy requirements 
can bo aoliiovod with a passive system. 
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INTRODUCTION 


1. X OBJECTIVES And scope 

The study objective was to determine achievable flatness for the microwave power 
transmission system (MPTS) antenna array. The support structure of the array 
achi'eves this flatness while interacting with the larger solar array structure, its own 
attitude control system, its payload of rf transmitting subsystems and antenna 
arrays, and the space environment. 

The scope of the study is depicted in Figure 1~1, which shows the five basic tasks and 
their interactions; 

• Task 1; Preliminary Design and Analysis of the Passive Configurations, Two 
configurations, A and B, were analyzed in detail and evaluated as to their net 
potential misalignment. Manufacturing, joint slack, assembly, alignment and 
environmental effects were considered. Approaches to each aspect were analyzed 
to minimize their contributions to distortion. 

• Task 2; Environmental Effects, Orbital effects, including thermal, solar pres- 
sure and gravity gradient perturbations, were evaluated. Heating effects of the 
operational element, were also evaluated. Distortions were derived using finite 
element computer modeling techniques. 

• Task 8; Figure and Pointing Control Methods. The effects of the control system, 
and its design integration into the structure, on structures' distortion were 
evaluated. Combined effects from Tasks 1, 2 and 8 provided the basis for maldng 
a baseline system recommendation. 

• Task 4: Technology Plan. In the course of each study element new development 
requirements were identified. They were collected in Task 4 in an overall 
Technology Plan. 

« Task 5; Material Properties. Basic material properties (such as E and CTE) 
were evaluated to determine their contributions to distortion. 

Results of the individual tasks, and overall study activities, are presented in Chapters 

2, 3, 4, 5 and 6. 
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1.2 REQUIREMENTS 


The basic requixeraenf: specified la the Statement of Work is 3 arc minutes of slope 
accuracy during aU phases of operation. 

Operational and environmental loadings must be accommodated ■within this array 
surface limitation. Other system requirements include ; 

• Operating Erequency 

• Allo'wable Waveguide Temperature 

• Micro-wave Transmission Beam Taper 

• Antenna Aperture Diameter 

• Nonstruetural Mass Distribution 

• Subarray Size (for evaluation in this study) 

• Grid Power 

« Retrodirective/Electronie Control System Accuracy 
(signal originates at center of rectenna complex) 

1. 3 STUDY GUTDELINES 

The structural configuration has evolved in previous studies conducted by JSC, The 
structure is based on regular tetrahedral truss elements joined to form a primary 
space frame. A similar structure, but using smaller truss elements forms a second- 
ary surface which spans the primary structure, and forms a surface for support of the 
individual transmitting antenna subarrays. 

The basic configuration is shown in Figure 1-2. Each tetrahedral element is con- 
sidered a 'Tjay” in the structure. The primary structure has 10 bays on a major 
diagonal. The hexagonal elements of the secondary structxire are 14-bay structures. 
Alternatively these are designated as 5 and 7 ring structures respectively. The 
study did not de-viate from this basic geometry except to investigate the impact of 
variation in subarray size. 

The environment for operation is a synchronous equatorial orbit ■with small allowable 
inclination and eccentricity. The preferred orientation of the major satellite axis is 
perpendicular to the orbital plana. This leaves the MPTS in a relatively static posi- 
tion and orientation -with respect to the ground recei-vir^ antenna in the earth-fixed 
rotating reference system. 

Two configurations are considered for the secondary structure, ha the first, there 
are SI separate hexagonal "flats. " Each can be oriented independently on its three 
primary structure supports. In the second approach, a continuous secondary struc- 
ture is used. Throughout the study, both configurations are considered to see if 
either has an inherent advantage. 


2,45 GHz 
485K (maximum) 
10 dB (Gaussian) 

1 Km 

Per SOW Table H 
10 m X 10 m 
5 gigawatt 

2 arc sec 
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Tbs material properties of graphite fiber reiufoi’ced epasy composites are used iu 
the structural analysis, A speciSLc fibei'/resiu system to meet stiffness, stability 
and the operating temperature requirements can only be selected after considerations 
of availability, cost, energy balance and other factors beyond the scope of this study. 
The properties of GY-70/X-'30 pseudoisotropio laminate have been used as representa- 
tive of thermally stable composite materials, 

A contributing fiictor iu the dimenpional accuracy of complex structures lilce 
3-dimensional trusses is fit tolerance in joints. The effect, joint slop, is difficult 
to simulate using linear analysis techniques. The approach agreed upon in the study 
has been to eliminate or minimise the problem in joint design rather than try to 
simulate and analyze loose connections in the indeterminate truss structure. The 
zero slop joint implies welding, bonding, or mechanical force fit that precludes 
looseness. 
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TASK 1 

BASELINE CONFIGURATIONS 
PRELIWIINARY DESIGN AND ANALYSIS 

The major steps of Task 1 (Figure 2-1) -were: 

1. Preliminary design of the antenna structure, 

2. Modeling of the primary and secondary structures. 

3. Computer structural analysis of the models, 

4. Postprocessir^ to determine slope errors, maximum deflections, maximum 
internal loads, and provide graphic displays of outputs. 

5. Analysis and interpretation of results. 


POSTPROCESSING 



Figure 2-1, Task 1 — study task flow. 
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A single 10~bay primary structure was modeled for use with coufiguratious A and B 
secondary structure. Its geometry was based on regular tetrahedron structural 
elements. In similar manner, a single 14r-bay secondary structure was modeled. It 
represents a typical configuration A secondary structure and an equivalent area with- 
in the larger configuration B secondary structure. It is not practical to model the 
80, 000-strut complete configuration B on a strut-fay-strut basis. 

In the computer analysis, 20 loading conditions were used to simulate manufacturing 
tolerance and variations In temperature, coefficient of thermal expansion, and modu- 
lus of elasticity. Witli the seooudary and nonstmotural weight added, the lowest 
modal frequencies were determined in the primary structure. A variety of postpro- 
cessing progx'ams were then used to translate structural deflections into slope exmor. 
Contoiu’ plots were generated of deflections and slope errors for configurations A and 
B. Maximum stress levels were found for input into the strut design activity and 
maximum deflections established I'equirements for actuator control range. 

2. 1 BASELINE CONPIGURATIONS 

The baseline configurations were established by Reference 2-1 and baseline develop- 
ment was not included in the study tasks. There wex’e two configurations, denoted by 
»'A'’ and "B". Both A and B consisted of a two-tier construction comprised of a pi’i- 
mary stinicture which provides the basic stnictui’a! sti’ength and stiffness, and a 
secondary structure wMch bridges the relatively coarse spaced px'Imary structural 
joints so as to provide for mounting of the subaxways. Configuration A is character- 
ized by a secondary stx'ucture made up of 61 individual truss sections whex'eas con- 
figuration B has a continuous tetrahedral stxmcture for the secondary. Figure 2-2 
shows the general ari-augement for configuration A and the (fimensions of the primary 
structure. The dlffex-ences between the two configurations are depicted in Figure 2-3, 
Table 2-1 presents the quantity and typical lengths for the primary and secondax’y 
members. Since the secondary str^c^are is used for providing a place to mount the 
subarrays rather than conti'ibute overall strengtli, it has been included in tlie non- 
structux'al weight baseline as shown in Table 2-2. References 2-2 and 2-3 (the Gx*een 
Book and the Red Book) were used for additional interface and baseline data such as 
power dissipation and orbital character; ’?tics. 

For purposes of determining flatness a subairray suppoxt; plane was established. The 
support plane is defied by the tlxree subarray support points as indicated In Figxuu 
2-4, As shown in the figure, each subarray is 10,746 m by 9. 306 m which gives a 
tx-ansmission area of 100 square meters. 


Refex'ence 2-1, NAS/JSC Request for Proposal No, 9-BC73-S7-7-113P. 

Reference 2-2, Initial Tecliuical, Emdronmental and Economic Evaluatioa of Space 
Solar Power Concepts, Volume II — • Detailed Report, JSC 11568, S-31-76, 

Refex-ence 2-3, Solar Power Satellite Concept Evaluation, Activities Report, July 
1976 to June 1977, Vol. 1 - Detailed Report. JSC-12973, July 1977, 
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PRIMARY 

TRUSS 


PRIMARY STRUCTURE 


c'lonoral for oonflft'urnilon A 




CONFIGURATION A 


14-BAY TRUSS STRUCTURES 
TYP 61 PLACES 


PRIMARY STRUCTURE 


CONFIGURATION B 


CONTINUOUS TETRAHEDRAL STRUCTURE 


PRIMARY STRUCTURE 


Configurations A and B, 


Table 2-1. Baseline planar truss data (reproduced 
from Reference 2-1). 


NUMBER 
OF NODES 


NUMBER OF 
MEMBERS 


TYP MEMBER 
LENGTH (M) 


NUMBER 

REQUIRED 


STRUCTURE 


PRIMARY 

5 

166 

660 

130.284 

CONFIGURATION A 
SECONDARY 

7 

316 

1,302 

10.7456 

CONFIGURATION B 
SECONDARY 

63 

24,004 

106,974 

10.7456 


n = number of hexagonal rings 


number of nodes 


symmetrical side = 

3n (n -t- 1) -r 1 

asymmetrical side = 

3n2 

total = 

3n (2n -i- 1) 1 

number of members = 3n (9n - 

1) 





Table 2«2, MPTS aonstruoturol mass distributioa 
{reproduced foom Reference 2-1), 


RING NO. 

MASS POINTS/ 
RING 

RING RADIUS 
(METERS) 

MASS 

(kg) 

MASSA'ING 

1 

6 

60, 

256,714 

1,540,2S4 

2 

6 

130.526 

214,357 

1,286,142 

3 

12 

252.157 

150,177 

1,302,124 

4 

IS 

375.835 

100,119 

1,802,142 

5 

24 

500. 

70,596 

1,694,304 


^includes secoiidai'y structure. ~ 8,124,996 kg 


\ i 
\ t 



rigure 2-4. Subarras' support geometry (reproduced 
from Reference 2-1). 


2.2 MSELINR DESJGN 

Our study examined the multiplicity of elements that contribute to distorting the 
operational flatness of the microwave power transmission system (MPTS) antenna. 

In determining the magnitude and relatlouship of the critical tolerauce components in 
the antenna, and avoiding nontolerance related details of the system, we made some 
simplifying assumptions: 

1. We assumed availability of elements to be assembled Into the truss In GEO 
without concern for the pach.i^li:^ and boost phase problems. 


2-5 




2. We assume tliat tlie power system has been built and initiated our flatness 
study assuming a stable hub. Pogo-type motion of the bub was not considered, 
at this time , though there may be a problem when the entire system is 
evaluated. 

The struotural configiii'ations used in this study are evolved from previous studies by 
JSC based on regular tetrahedral tn.;ss elements that are joined to form a space- 
frame, 

hi the baseline design the entire MPTS is supported at three nodes of the primai'y 
structure (see Figure 2-3). There are variations in the design depending on the 
location and type of pivots used, but all use the 3-point suppox't. 

2.2.1 BASELINE CONFIGURATIONS — Two baseline configurations "A" and "B” 
were evaluated to determine their relative merits In meeting the various structural 
requirements. Of primary concern wus the structure's ability to maintain the slope 
of the subai-rays within the accuracy budget. 

A brief description of each structural candidate follows. 

2. 2. 1.1 Baseline Configuration "A” -- Configuration A of the RFP is shown in 
Figure 2-3. It is a two-tier stiucture consisting of one large (10-bayl primary and 
61 smaller (14-bay) secondary tetrahedral trusses. The primary truss structure is 
made fi'om equal length ti'uss struts joined at 60-degree surface orgies at each node 
to form a flat structure. The secondary truss structures are attached to tlie primary 
structure at three points as shown in Figure 2-6. The coustructiou of the secondary 
structure is similar to the primary except smaller. 

2.2. 1.2 Baseline Configuration "B" — As requested, in configxiration B the primary 
strucnire is exactly the same as described for configuration A, but the secondary 
structure is continuous, forming a 126-bay tetrahedral truss structui*e (see Figure 
2-S). 


The secondary structure is attached to the primary structure at only one attach point 
at each primarj’ node. An advantage of tlUs configuration Is to lower the relative 
motion betw’een subarrays versus the motiou of tlie inter'sectiou of the two separate 
14-ba5' stiuctures in configuration A. Wliile coufiguratiou A is a deflection oriented 
approach, configuration B is a load oriented system- The coustructiou of the configu- 
ration B secondax'y structure would be similar to configuration A except that the outer 
Interconnecting txuss members would not be installed — instead the partially complete 
14-bay hexagons would be assembled into a continuous stxuctux*e. 

2.2.2 detail design TRADE STUDIES — During tliis phase of the study, a single 
10-bay primary structux'e was modeled for use with configurations A and B secondary 
stxucture. Its geometx'y was based on x'egular tetrahedx'on stxuctural elements. In a 
similar raanuer, a single 14-bay secondary structm-e was modeled. It x’epresents a 
typical configuration A secondax’y structux*e and au equivalent area witliin the larger 
configux'ation B socoudax'y stxucture. 
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NONSTRUCTURAL MASS 


SECONDARY 

STRUCTURE 


MPTS SUPPORT 
NODES (3) / 


PRIMARY STRUCTURE 


'MPTS SUPPORT STRUCTURE & PIVOT 


SPS' 

SOLAR ARRAY 


Figure 2-5. MPTS antenna; three-node support 





Figure 2-6. 


Assembly of configuration A secondary to primary. 


feoturing tolsrano^ri*ra"ria(SM^’n1:emreM simulate mam 

aud mcdulus of elastloity M TSk 2 

repreaeating the syuehronous orbit entdronmei sonditions tvere simulate 

mum deflections urere found by coetprooesslng rTOtol 

cn manufacLS" “S^^ue to^faSTowl^™^^^ 

These studies are covered more Mly in the following sections. 

prLti loSTnk^o'SJ thLm^^^dL^rUa^^"^ configuration the 
eration and rotations. The SOLID SAP finite element 

used for the analysis. The load condiH«in«i a v, j niodel of the geo-truss was 
orbit. The acceleration loading conditions are shown in Tfble1!3?'^°"°"' 

distortions and intei^S\Tri!^ T^^ac^^^^^ resulting surface 

forces were computed showing that only the rotation about rigid body torques and 

To find the resulting maximum strut loads the ^s was significant. 

by the unit conditions shown below. Again L actuS stm multiplied 
general conclusion that can be reached is that ^ ^ I ^he 

in the assembly configuration are very small. ^ struts of the geo-truss 
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RESULTS OF MAX -MIN SEARCH OF 660 STRUTS 


LOAD CONDITION 

TENSION 

COMPRESSION 

1.0-G -X 

14.02 X 10^ N 

-14.02 X 10^ N 

1.0-G -Y 

8.57 X 10^ N 

-16.19 X lO^N 

1.0-G -Z 

9.41 xlO^N 

-13.25 X lO^N 

1,0 RAD/SEC^ -XX 

56.76xlO^N 

-113.51 X lO^N 

1.0 RAD/S EC^ -YY 

98.30 X 10^ N 

-98.30 X 10^ N 

1.0 RAD/SEC^ -ZZ 

65.83 X 10^ N 

-65.33 X 10^ N 


Table 2-3. Primary structure acceleration loads. 


LOADING 

RAD/S Ec2) 

ot^Y (RAD/S EC 2) 

( RAD/S EC^) 

DYNAMIC UNBALANCE 

-1.333 x10-9 1 

0.0 1 

0.0 

GRAVITY GRADIENT 

-3.999 x10-9 i 

Q / 

0.0 

TRACKING 

-0.187 X 10-9 sir/wt 

0.2647 X 10-9 cof/u)t 


TOTAL 

-5.519x10-9 1 

0.2647 x10-9 

0.0 


The woi'st case loading condition of -5.519 x lO”^ rad/sec^ 
on the X axis, leads to an insignificant compression load in a 
strut of; 

Pp = (-113. 51 X 106 U/rad/sec2) x (-5. 519 x 10"9 rad/sec^) 

= 6.3 N (1.4 lb) 

The 31 thermal cases analyzed in Task 2 gave temperature 
histories for each stmt of the primary structure. We com- 
puted a temperature dependent random CTE for each stmt based on tlie measured CTE 
distribution for GY-70/X-30. The temperatures and CTE values were input for each 
of 660 stmts, and the structural deformations calculated. A postprocessing routine 
was used to find tlie worst case stress levels. Table 2-4 shows the results. 
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Table 2—1, Primary structure thermal stress levels. 


Stx-ttt 

3S 

.172 

56S 

Type 

Back 

Back 

Front 

Connects 

1014 

1061 

2037 

Nodes 

1022 

1070 

2046 

Load Condition 

17 

17 

17 

(End of Shadow) 
Tompei*atux'Q (F) 

-287. 5 

-290.0 

-262.7 

GTE mc/T) 

0.03G 

-0.298 

0,153 

GTE X T due) 

-12.9 

107.3 

-61.0 

Leu^ (In.) 

5130.9 

5130,9 

51,30.9 

Area (sq.in.) 

O.SS 

0,88 

O.SS 

E (msi) 

15.7 

15,7 

15.7 

Fox'oe (lb) 

-722.7 

329.6 

625.6 

Strain (in. ) 

-0.334 

0* 42S 

-0.019 


Strut number 3S had the largest force — 3215N (-723-, 7 lb}. The strut Itself has a 
low thermal coeffloteut, and the worst case load Is the result of distortion in adjacent 
structiu'Q more than the result of thermal cou’-raotlon of if.trut. 

Strut number 172 Is unique In that It has the largest magnitude for GTE, It is rela- 
tively unconstrained In the randomly modeled stiiictuve :md displays a large chaiige 
in length, but a relatively low stress level. 

The third case is strut 36S. It is unique in tliat it has a ralativelj- hu'ge GTE and is 
almost fully constrained in the model. It has high force ap^ilied and almost no elon- 
gation. 

These represent conditions that wore computed for one random ax'rangement of GTE, 
Other arrangements would lead to lox'ger tliermal loads, Oue other consideration is 
tliat E can be correlated with GTE, This could furtlier increase tlie loads. 


During the assembly of the struts into the geo-tr\iSS, a configuration is reached tliat 
becomes rigid befor-e aU the struts ax’e in place. At tliis point in the assembly, if tlie 
additional stxnits are not of pei'fect length or tliere is not a length adjustment mechan- 
ism, or thermal distoxlion has occurx'ed, (see Figure 2-7), the remaining struts 
must be eithei* sti'etched or shoxtened to fit, thus Inducing loads into the structui'e. 
TMs analj'sls was done by a computer Bnite element solution as described earlier by 
Introducing random length errors into the (560 stxmts of tiie primary. 


Load P = 


AE6 Area x Modulus x Axial Distortion 
A " 


Length 


For Primary Baseline: p ^ = 1 . ^ loh N^lOSOi Lb) 
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Figure 2-7. Thermal distortioa of partially assembled structure. 


Another approach is to consider only an individual strut. The load versus deflection 
curve for the baseline primary strut is plotted (see Figure 2-8), to show the maxi- 
mum allowable axial shortening using linear theory and the induced strut load due to 
the anticipated length error In a strut- The actual loads in the fully assembled geo- 
truss would be lower due to the elasticity of the adjoining struts which were determined 
in the finite element solution. 

2. 2. 2, 2 Structural Material — The selection of the proper materials of construction 
for the MPTS is dependent upon specified design criteria. For an orbital structure 
this, in general, requires a thermally stable structure of low weight and mass mom- 
ent of inertia, coupled with high stiffness, strength and natural frequency. The inter- 
action of these factors and their influence on spacecraft performance are shown in 
Figure 2-9, 

ICey factors in the selection of the MPTS material of construction are a low coefficient 
of expansion (ey) and specific weight (p), and high Youngs modulus (E) and ultimate 
tensile strength F|^. These factors vary from material to material and typical values, 
of candidate materials, are presented in Table 2-5. The structural efficiency of a 
material is commonly measured by means of a merit function number obtained by 
dividing the material’s modulus by the product of its specific weight and expansion co- 
efficient. Thus, a high merit function characterizes a material withhi^li stiffness and 
low weight, that is thermally stable. The merit functions of various materials have 
been computed and are compared in Figure 2-10. An examination of this chart will 
show that, for our application, graphite/epo:qr is far superior to the other materials 
(by a fector of ten when in a unidirectional configuration; and, by a factor of eight in 
an isotropic form). 
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Figure 2-8. Built-in loads in primary. 



Figure 2-9. MPTS design optimization. 
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Table 2-5. Material oompaiison, 


MATERIAL 


Ej^a X 106 


p. LB V 1 n3 /V^^* 

FluTCS ^ “iwTF 


X 10-6 


6/ECUNl) 

G/E (ISO) 
MAGNESIUM 
BERYLLIUM 
BORON AL, 
ALUMINUM 
TITANIUM 
CRES. STEEL 
INVAR 


0.064 

0.064 

0.064 

0.066 

0.096 

0.100 

0.160 

0.286 

0.295 


40.0 

15.0 
6.5 

43.5 

18.0 
10.0 
16.0 

29.0 

21.0 


80 

28 

15 

69 

76 

77 
134 

30 

32 


-0.51 

-0.03 

14.00 
6.00 
3.20 

13.00 
5.30 
8.80 
0.70 



Tlie strength to weight ratio of the oandidate materials has also been computed. This 
data is illustrated in Figure 2-11 and unidirectional graphite/eposy again is shown to 
be the better material. The strength to weight ratio of isotropic grapbite/epoxy is 
about twice that of magnesium and about half that of aluminum. The MPTS stinacture 
is st iffn ess, not strength, critical. In those areas where high loading is encountered, 
such as support points, adequate strength may be achieved by adding unidirectional 
material as required. 
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ZiiL X 10^ 

P 

Pigure 2-11. Strength to weight comparison. 

The performance characteristics of the structure xmder consideration in this study 
are such that the use of graphite/resln composite materials is essential. The above 
merit function comparisons, shown in Figures 2-10 and 2-11, substantiate its selec- 
tion over conventional aerospace materials. 

Convair selected Fiberite's GY-70/S-30 firom the available grapliite composites as 
a representative composite system for structural applications in this study. GY-70/ 
X-30 provides extremely high stiffness properties and exhibits excellent thermal di- 
mensional stabilitj- when arranged in a cross-plied laminate. A merit function com- 
parison of candidate fiber systems is shown in Figure 2-12, and substantiates the 
selection of GY-70 over the other fiber materials. 

2. 2. 2. 3 Strut Configuration Trades — The primary consideration in the beams of the 
antenna geo-truss stnicture arc stiffiiess and light weight. For reasons a tubu- 
lar, triangular beam was selected as a baseline configuration. Various configuration,'? 
of diagonal struts were considered — two of these are shown in Figure 2-13. The 
single stiffened diagonal or barber pole configuration showed promise because of fewer 
diagonal stmts and fewer joints. Intex-naily the beam has balanced forces, but it was 
found that at each end there was an unbalanced torque. Since the torque on each end 
was in opposite directions, the result was a twisting moment on the beam. This was 
discovered by deflecting a computer model. 
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Figure 2-12. Fiber system merit functiou. 



Figure 2-13. Basic beam configuration. 


The double stiffened diagonal configuration (also see Figure 2-13) was more compli- 
cated since it required the second diagonal plus a joint at the intersection of the two 
diagonals. The diagonals were sized using only one diagonal and then adding die other 
redundantly. This resulted in a heavier structure than actually needed. We are pre- 
sently worldng on a redundant solution to size these diagonals. TMs configuration 
does not require pretensioning. 
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A double ooi'd diagonal couEguratiou is less oompUoated in that the diagonal to apes 
tubs interseotiou is leas difficult and thox-e is no joint required at the cord diagonal 
Interseotlons, The beam configuration Is totally balanced and I’eadiljf analyzed. 

Some px-otensioning of the cox’ds would be I'equix'ed since the coefficient of thermal 
espanslon of the cords would not match that of the apes tubes. 

In sizing the beams of the tetra-tx*uss. It was noted that the basic geometx7 varied 
little regardless of the beam conflgux*ation chosen. The light loading on the beam 
usually resulted iu minimum gages and cap tube diameters ranging fx'om about 2 to 3 
inches. The post diameters wex’e smaller aad the diagonal diameters larger, but 
they still held to minimum gages and varied little In diameter. Bay lengths and beam 
heights also showed x’easonable oousistency. TlUs indicates that general size, con- 
figuration and weight ai*e x’easonably px'ediotable even without a completely defined 
des^'n. The lax'gost imlcnown w'ould bo iu the inefficient structure such as joints and 
connect ions. 

The sizing shown iu Table 2-6 Is for a double-cord diagonal beam oonfigairatlon. 
Table 2-6. Basic beam geometx'y (double cord diagonal). 



ITEM 

METERS 

LENGTH 

; INCHES 

DIAMETER j 

METERS INCHES 

AREA 

Sq, METERS SQ. INCHES 

CAP 

2.102 

(32.741 

0,0476 

(’.,3741 

7.590 s 10*5 (0.11771 

POST 

2.552 

U00.4S) 

0.0286 

(1.124) 

4.555 UO-5 ^0.0706' 

DIAGONAL 

2.722 

il07.20) 

0,003b 

(0.142) 

1.0233 ^0*5(0,01587' 


2, 2. 2. 3,1 Totra-Tniss Beam Intersections — In considering methods of connecting 
the beams of the totra-timss, vax'ious methods were considered. Some tapei'ed the 
beams down to a single point and othex's left the beam consttmt and allowed the Indi- 
vidual members of tlie beam to lutersect. The x'esultiiig figure in tliis second method 
was named a space polygon (see Flgux’e 2-14), Tills space polygon pi'oved to be a 
vei'y Interesting and promising design concept. 
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Figuiv 2-1't. Totra-ti'uss beam ln(oraoctlon}». 


The s|v»co ix>lyg:on allowod Iho six\co Ivam, tho Ixisic bulUUi\g block of the totrahoilral 
prlniaiy structure, to lx> standanUzed. 

This standavxUzsitlon took on two veiy Imtxniant astx’cts: 1) the beam could be made 
the same thrvnighout Its length without tajx’rlng, thus stmulaixllzing the ImUvldual 
memlK'rs, joints, ete. In each bay of the Ix'am; and 2) the beam length was also 
stands ixltzcd by using a common length and method of joinittg to the space |X)l>’gou at 
the intersections in a squaiv Ix'atn end. All beams in the uptwr and lower decks of 
the tetrahedntl structure are Identical in this manner. This also st:mdardlzcd the 
tnajor assembly of the Ix'ams to the cent ml hub or spider. 

An attempt was also made to standaixlize the dbigonal beams joinbig the up|xn* and 
lower decks of the tetrahedral structure and also make them common In size, length 
and connections to those In the upper and lower decks. Tho designs presented here- 
after achlewd these design goals, making It ixtsslble to completelj’ standaixltze the 
Ix'ams thixniglKHit the structure. 

2. 2. 2. 2. 2 Space Polygons — The design of the tetra-tmss beam Intersection was 
found to viivUle Into two ixvrts; 1) the Intersection of the six beams of tlu' upper and 
lower decks, and 2) the attachment of the three diagonal Ix'ams to tlds Intersection to 
form a complete tHil>’gon. 

'I'he Intersection of the six Ix'ams was aclvieved by placing all beams with one a|x'x up 
and two down and then allowing these lx>ams to come together to fonu a natural geo- 
metric shaix' juuch like that of a ix>of on a house. As the upper slitgle six aix>xes come 
together they form a slttgle |X>ln( and as the lower two flat side aixxxes come together 
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they form a hexagon with each side of the hexagon equal in length to one side of the 
triangular beam (see Figure 2-15). 

SINGLE 


■ STANDARD INTERSECTION 
USED ON BOTH UPPER S. 
LOWER DECKS 


» BEAMS INTERSECT WITHOUT 
CHANGING CROSS SECTION 


■ RESULTING INTERSECTION 
RESEMBLES ROOF WITH 
SIX GABLES 


I STANDARD LENGTH & 
SQUARE END BEAMS USED 
THROUGHOUT 


Figure 2-15, Standard deck beam Intersection 
(upper portion of space polygon). 

Struts were placed in the resulting shape to define tlie Mps, valleys and square attach- 
ing places (gables) for each beam, thus making a figiu'e to resemble a roof with six 
gables. 

This shape was used as the upper portion of die space polygon design. 

The lower portion of the space polygon presented a design challenge in that when one 
apex of the beam w'as placed up one polygon resulted at the upper deck and a different 
one at the lower deck. If the centroids of the beams all coincided, tlie ends of the 
beam did not attach at natural intei’sections of tlie upper portion of the polygon a: 
either deck. Allowing a slight shift in centroid Intersection resulted in a very natural 
and simplified lower portion of tlie polygon at tlie upper deck. 

This concept allowed the utilization of existing interseotion points on the hexagon to 
connect to the upper apexes of the diagonal beams. As the lower two flat side apexes 
come together they form an equilateral triangle. With the addition of three struts to 
connect each corner of the equilateral triangle to the three remaining corners of the 



hexagon a very sturdy and simple lower portion of the upper polygon resulted (see 
Figure 2-16), 
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Figure 2-16. Upper spider space polygon. 


Using the standardized length beams from the upper and loser deck, the three upper 
apexes of the diagonal beams are brought together at the lower deck to form the com- 
pleted tetrahedron. 


With the apexes still up on the three diagonal struts and utilizing the standardized 
beam length, the three apexes come together at a point above the intersection of the 
six lower deck beams (see Figure 2-17). The lower two flat side apexes form an un- 
equal sided hexagon when these struts are added to connect their outer corners to- 
gether. Three sides are equal in length to the length of the side of the beam and the 



Figure 2-17. Lower spider space polygon. 
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otUov thrsQ aro shorter. The ooruora of tliis iinbalanood hexagon fall on tlia sldoa of 
the hexagon of the upper portion of tlie polj'gou (turned upside down here but vin- 
ohonged). 

If these corners oonnooted direotlj' to tlie regular hexagon there u'ould be no vertioal 
suppQi*t and an additional six v'ertioal struts wovvLd need to be added for suppoi't of 
tliese points. Also die centroids of tiie diagonal beams graatlj' miss that of the dodv 
beams, TMs oonoopt was not used or shown. 

The lower dook was dien lowered to a point where die oentroids of the diagonals nearlj' 
ooinoidod wltii diose of the deck beams. TMs separated die regular hexagon and the 
unbalanced hexagon enough for struts to be added to oouneot the apexes of die two 
hexagons* 

The addition of those 12 struts completed the lower space polygon, malting It a rigid 
structure but different from the upper. 

The three additional struts in die upper and 15 additional struts in tlio lower polj'gon 
resulted iu a total of IS additional struts for tliis design. 

2, 2, 2. 3, 3 Common Space Polygon — In diis design It was assumed that the diag'onal 
beams could bo rotated to a position where the ends of ail three of the apexes of each 
diagonal would hill ou the surface of a sphere. TMs was found to bo true. 

The standard length of bourn from the upper luid lower decks was used and the oentroids 
of the diagonals passed exactly' through the Intersection of the deck beam oentroids. 
This then made a thoorotioalljf perfect tetrahedral «ud used the stiuidard betuiu, 

Hone of the diagonal beam apex ends however feU on existing intersection points of 
the upper part of the space poij'gon. It was therefore necessary to add is struts per 
polj'g'ou to support the ends of these beams. 

Both the upper and lower apace polj’gona would bo the same configuration for tliis 
design (see Figure 2-1 S). 


The common spider design concept was modeled on the computer. This allowed us to 
check the structure for continuity and also rotate It to better I’tsuallne It (see Figure 
2-191. 

The six upper deck beams were hold fixed mid loads applied to the diagonal beams to 
test the stability of the space polygon spider. It was found to be stable. 

2. 2. 2,3. 4 Gompartsoii of Candidate Strut Coufigiu'atious — Thovo are sowral 
twtentlal ooiulguinuions for the strut members of the MPrS geo-truss structure. 
Three representative configurations wore compared; the triangular cross soctlor 
with tubular caps, the cylindrical cross section with geodetic ari'angenient of solid 
rods, tmd the tri;uigular cross section with open caps based on the SCAFEDS concept 
developed by ConvMr for .TBC under Contract No. NAS9-15S10 (see Figure 2-20). 
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TRIANGULAR CROSS SECTION 
TUBULAR CAPS 


CYLINDRICAL CROSS SECTION 
GEODETIC SOLID RODS 


TRIANGULAR CROSS SECTION 
OPEN CAPS (SCAPE) 



= 1 55fc3« (3500 LB) = 15568IU3500 LB) 

L = 130.3 mC5129. 92 IH.) L = 130.3 m C5129. 92 tM.) 

E = 107.5 GH/«|2 (15.7 MSI) E = 296.5 GM/fn2 (-?3.3 MSI) 

ii = 2.210 0(87.02 IM.) D = 2,023 m (79.64 IN.) 

N = 0,843 KG/m (0.566 LB/FT) W = 0,938 KG/rn (0.648 LB/FT) 

“aVG ^ -0.0378 ///m/C (-0.021 /aIH./m./n = 0,0 


= 1556811(3500 66) 

L = 130.3 m (5129,92 IM.) 

E = 141.75 GN/m2 (20,7 MSI) 

H = 1.360 m (73.20 IH.) 

W = 1.104 KG/m (0.742 LB/FT) 

“aVG "" -0.380 A/m/t (-0.211 //IH./lfl./n 


Figure 2-20. Comparison of candidate stint configurations. 



The Qolunm oi'itloal load of 15568N (3500 lb) was used as the oomparisou load for 
couvenieuce and was not intended to be the design final load. The 3500-lb load is the 
oritioal columii load for the open oap triangular cross section strut. This load was 
derived by using the SCAFE cap cross section torsional buckling allowable and opti- 
mizing the overall geometry of the strut as a colunm rather than as a beam in bending 
which was the case for the SCAFE concept. The other two concepts were then sized 
for the same load. The geodetic strut was sized using the code developed by NASA 
personnel. 

Even though the 3500-lb load was used for sizing, the weight of the struts of the pri- 
mary structure does not change the results and conclusions of the flatness study. The 
structural weight of the antenna is small compared to the nonstructural weight. 
Therefore sizing a strut to an exact design load is not critical. 

The factors that do affect flatness are variations of strut properties, particularly cross 
section area, and the material properties of elastic modulus and coefficient of thermal 
expansion. These factors led to the choice of the triangular cross section with tubular 
caps as the baseline because it can be analyzed using the properties of the well 
charactei’ized GY-70/X-30 material and can be programmed for optimization easily. 

At the time of actual design of the strut, one factor will be tlie practical limit on how 
small the members of the strut can be. The loads in the struts in the assembled geo- 
truss are very low — on the order of 1000 or 2000N. But if these loads were used to 
size the strut as a column, the struts would be very fragile and may be difficult to 
build and assemble. So there might be other factors that will ultimately design the 
strut size other than actual operating loads. 

To substantiate the argument tliat the results of the flatness are independent of tlie 
absolute values of a strut design, a sex'les of weight calculations using struts with 
varying axial load capabilities were made using the General Dynamics /Convair Tetra- 
hedral Truss Structxire Synthesis (GDTTSS) program. The program has several strut 
configurations available as options, but for this study the triangular cross section 
with tubular caps was used. 

Figure 2-21 is a plot of total strut weight wliich includes an estimate for end fitting 
weight vex'sus column cx'itical load. This curve shows that there is a significant 
effect on strut weight for changes in design load. Although this curve was generated 
using the ti-iaugular cross section with tubular caps, the curve is representative of 
other strut coafigimatlous. 

The effect of varying the stmt weight as a function of critical column load on the over- 
all mass of the antenna Is shown In Figure 2-22. For tliis curve the mass of the 
secondary structui'e and nonstmctui*al mass ai*e held constant. 

These two curves show that the total antenna weight varies from S. 549 x 10® KG 
(18.85 X 10® lb) to S.618 x 10® KG (19.00 x 10® lb) or a 0. 81% lnci*ease for a change 
in design stmt column load fx-om lOOON (225 lb) to 1792SN (4000 lb). The conclusion 
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Pigure 2-21. Primary strut weight versus column critical load. 
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Figure 2-22. Total antenna weight versus stmt column critical load. 




is that for the flatness study the actual critical column design load for the struts of the 
primary structure do not significantly affect the total mass and mass moments of in- 
eiila and farther these values are used only for load conditions involving accelerations. 

As can be seen by reviewing the results of the comparison in Figure 2-20, there 
isn’t a significant difference in the results that effect the flatness study. The overall 
l‘.eight or diameter of the three are very similar. The wei^t variation between the 
three does vary but when corsidering that the structure of the antenna is only 13% of 
the total weight and the total weight does not directly affect the flatness of the antenna, 
the variation Is not critical in the choice of strut configuration. 

The material used is a function of the configuration. The triangular cross section 
with tabular caps uses pseudoisotropic GY-70/X-30, the cylindrical geodetic strut 
used a hybrid of GY-70 and boron fibers to achieve an average CTE of zero, and the 
SCAFE strut used a hybrid of pitch/glass fabric and glass fabric. Only the GY-70 is 
well characterized statistically, in terms of variations of properties, at this time and 
is the main reason for choosing the triangular cross section with tubular caps. For the 
flatness study it is the variation of the properties that is important rather than the 
absolute average values. 

One of the considerations in choosing a stmt size or Per that sizes the strut is the 
practicality of the configuration, such as the tube size or height of the strut. For 
example, the resulting diameter of tubular cap for P^j. = 15568N is 4,76 cm {1.874 
inches) with a •wall thickness of 0. 0508 cm (0, 020 inch). This size is a reasonable 
one when considering the overall geometry of a strut that is 130 m long and possible 
astronaut handling requirements. 

To support the flatness study, baseline stmt configurations for the primary and 
secondary structures were needed. The goal of the selection process was to pick con- 
figurations that were representative of possible choices but not necessarily the final 
design of the stmt. 

The trade study of three potential strut configurations showed a triangular stmt with 
tubular caps 'with cords as diagonals to be the lighest and to use a material best 
characterized at this time, A computer code was written to optimize this configura- 
tion for minimum weight. The sizing of the diagonals is based on Timoshenko’s 
(Theory of Elastic Stability) analysis of latticed stmts which accounts for the effects of 
shear deflection on the critical budding load (see Figure 2-23), 

For the secondai-y structure the geodetic cylinder is baselined (see Figure 2-24). 

Due to the much shorter length of the secondary stmts and lower anticipated loads , 
the triangular configuration used in the primary would uot be practical. The geodetic 
strut was sized using the computer optimization code developed by NASA-JSC person- 
nel. The minimum weight configuration is not necessarily practical from a manu- 
facturing standpoint. A more practical design would use fewer lor^tudinals and as a 
result be slightly heavier for the same strength. 
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Figure 2-23. Baseline strut conf^uration for the primary structure. 
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Baseline strut configuration for the secondary structure. 


Each of the three concepts uses for its material a graphite fiber composite, either ex- 
clusively or in a hybrid of boron or glass (see Table 2-7). Graphite composites are 
best suited for large space structures such as the microwave antenna under study be- 
cause they offer high stiffness, near zero coefficient of thermal expansion, and low 
density. 

Table 2-7. Average material properties for candidate configurations. 


TUBULAR MEMBERS 

PSEUOOISOTROPIC GY-70 
(+45“, 90“/0») 


GEODETIC 

GY-70/B0R0N HYBRID 
UNIDIRECTIONAL 


SCAFE 

GRAPHITE PITCH/GLASS HYBRID 
(I2O/W-7043/I2O) 


t = 0.0508 cm (0,020 IN.) b = 0.168 cm (0.066 IN.) t = 0.0775 cm (0.0305 IN.) 

(b X b SQUARE) 

E = 108.2 GN/m2 (15,7 MSI) E = 298.5 BN/m2 (43.4 MSI) E = 143,1 GN/m^ (20.76 MS!) 


ct^ = -0.0378 A/m/C 

(-0.021 AlN./1N./n 




= 0.0 


Bji = -0.380 A/m/C 

(-0.211 AIN./IN./R 
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The baseline configoratiou for the flatness study utilizes pseudoisotropio GY-70 laid 
up to form tubes. The GY-70 in the pseudoisotropio configuration (+ 45, 90-deg, 

0-deg) results in the lowest achievable GTE in the graphite fiber family and thus is 
used when thermally stable structures are required such as optical benches, micro- 
wave antennas, etc. Considerable test data exists for pseudoisotropio GY-70 allowing 
for a statistical analysis of a variation of material properties. These variations are 
input randomly into the finite element model to determine their efiects on the surface 
slope error. 

For the cylindrical geodetic strut, the basic structural element is a rod of either a 
circular or square cross section made of uuidireotional fibex's. In oi'der to achieve a 
zero coefficient of thermal expansion a theoretical combination of GY-70 and boron 
fibers was devised. This approach looks veiy attractive with the zero GTE and high 
stiffiiess but must be verified by tests. 

The SCAFE material is a hybrid of pitch woven cloth W-704 and 120 glass febrlc. 

The rationale for this configuration in the SCAFE progi'am was tluit the laminate ex- 
hibited relatively high modulus, low GTE, low energy required during forming and is 
low in cost. 

2. 2,2.4 Joints at Strut Junctions — Multijointed structures, similar to the tetra- 
hedral trusses considei'ed in the MPTS antenna study, are subject to potential surface 
misalignments caiised by joint slack and manufacturing tolerance buildups. StTmctures 
with joint free-play or slack do not respond to typical thermal, static or d 5 mamic load 
conditions In a linear manner. The joints contribute to exa^tjcrated deflections which 
do not agree with those predicted based on linear elastic theoiT, In some cases joint 
free-play may completely alter load paths and hence structural response. Tliis x'e- 
quii'es that some form of "zero tolerance" (no slop) joint be used to attach the struts 
at their intersections. 

Various attachment methods could fit this category; for instance: welding, explosive 
joining, and variou s mechanical attachments. 

Each of the joining methods has its merits, but for this stuay it was decided to con- 
centrate on explosive joints as they require the least complex macliinery to operate 
in space and can be accomplished quicldy. A representative explosive joint method is 
shown in Fig'Jres 2-25 through 2-27. This method would be easy to do In space and 
require very little power or equipment to perform. By using an overcenter spring 
operating latcliing mechanism the struts can be semipermanently assembled to the 
spider. Later, after all the other struts are assembled, the explosive can be Ignited 
to form a permanent tight joint. 

Figures 2-25 through 2-27 show typical secondary structure struts and spiders but 
the same attachment method is applicable to the primary struts by putting an end fit- 
ting with explosive shear pins on each of the three tubes used for caps on the primary 
triangular beam. 
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(SEE FIGURE 2-31 FOR 
ASSEMBLY SEQUENCE) 


SPACE FOR ELECTRONICS ' 
(LASER POSITION FINDER, ETC.) 


Figure 2-25. Typical secondary node joint. 



I The explosive joint design Tvas not developed into a working concept since it was not 

within the scope of this study to do so. Rather it is only to demonstrate that a zero 
tolerance {no slop) joint can be assumed for the baseline design and be used when 
calculating the tolerance btiildap. 


The attachment of the secondary structure to the primary structure and the subarrays 
to the secondary structure maj’ best be accomplished with a joint that would allow 
some adjustment. A mechanism similar to a screw jack {see Figuit: 2-2S), could be 
used to perform this adjustment. 
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rigure 2-27. Explosive joint assembly structure. 
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Figure 2-29. Distortion of primary and secondary can be allowed 
if sufficient adjustment capability is available. 
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A small amount of joint slop oould oaour in a i adjustmont moohantsm and tUorofore 
U’iU bo oax'riod as poi't of our toloranee budgot and is sl\own in Table 2-8, 


Table 2-8. Platuess smdy baseline manufacturing 
tolerance budget (all toloranoes are + ), 


FUMCTION 

1 (A) 

PRIMAR> 

1 STRUCTURE 
TOLERANCE 

(B) 

SECONDARY 

STRUCTURE 

TOLERANCE 

to 

SUBARRAY 

TOLERANCE 

remarks 

SPIDER (MODE) 

0. 070 CM 

j 0.025 

N/A 

MFG.TO0L1NG 

FABRICATION 

(0.030 IN.) 

! (0.0101 


ERROR 

STRUT 

0.331 

0.051 

N.A 

MFG.TOOUNC 

LENGTH 

(0.150) 

(0.020) 


ERROR 

ALIGNMENT 

0.076 

0.025 

0.025 


(STRAIGHTNESS) 

(0.030) 

to. 010) 1 

(0.010) 


STRUT TO SPIDER 




ZERO TOL. JOINT 

JOINT SLOP 

ZERO 

ZERO 

ZERO 

ACTUATOR 

0.003 

0.003 

N.A 

AT BALL JOINT AND 

lOtNT SLOP 

(O.OOl) , 

(0.001) 


OR SCREW THREADS 

MEASUREMENT 

MEOL ' 

NEGL 

NEGL 

VERY SMALL IF 

EQUIPMENT 

MISCELLANEOUS 

j 

0,U"7 

0.025 

0,025 

KEPT ^V(LIBR^TED 

(ASSEMBLY TOL.) 

(0.050) 

(O.OUU 

(0.010) 


RSS SUBTOTAL 

TJiT 

oToTT 

0.03t> 



(0.164) 

(0.020) 

(0,014) 



RSS TOTAL 

0, 

.42: cw 

(A ^ B ^ & C) 

lO. 

.Ido in.' 

EQUIVALENT FLATNESS AT SUBARRAV 



(WITHOUT SCREW.lACR ADJUSTERS) 

0. 

.l-m ARC WIN, 

"equivalent futness at subarray 

(WITH PASSIVE SCREWJACKS) 

0, 

77 ARG TUIN. 


2, 2. S BASELINE DESIGN — 'I'Ws section summarises the results of the trade 
studies of the previous seotlou Into one basellno design. This is not necessarily the 
final optimal doslg’i. However, It is a structure that is charactovistio of a typical 
sUaioturo to fulfill the reqviiroments of the MPTS antenna. 

2. 2.3.1 Baseline Cont^iratlon — Configtiration A (til separate 11-bay secondary 
structures) was picked for the baseline design, uot because of lui Inhoront slope 
aocuraoy advantage, but rather for its simplicity of analj'sls (see Figure 2-30). 

The baseline primary structure is composed of the double cord diagonal stnu beams 
joined at ooramou spider poli^gous using sero tolerance exirloslTC joints (Figure 2-31). 

The baseline secondary structure would be attaolied to the pxdmary structure using 
piisslvo adjustmont screw jacks at tliroe corners (see Figure 2-32), A Icluematlo 
mounting system would bo used to allow differential expansion between the stniciures 
(see Flgtvx'o 2-33 L 










COMMON SPIDER POLYGON 
VV/ZERO TOLERANCE JOINTS 


Figure 2-31. Baseline primary structure. 
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Figure 2-32. Assembly adjustment points. 
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Figure 2-33, 


Kinematic mount options. 
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The aeooadary atructm’e would be made up of cylindrical cross section geodetic 
struts ending at spiders witli zero tolerance explosive joints (see Figure --34), 
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Figure 2— S4, Assembly of baseline secondary structure. 

The subarrays themselves are not a part of this tolerance study but the mechan- 
ism (or structure) to attach them is included in the baseline tolerance budget. 

The method anticipated is another passive adjustable screw jack similar to that 
used between the primai'y and secondary structures. 

As explained earlier, the purpose of projecting a representative baseUne design was 
to aid us in establishing reasonable tolerance budget amounts to be used in estab- 
lishing the total structure distortion and thus determining the surface tiatness that 
could be expected. 








Table 2-8 summarizes the budget amount allocations malting up the total budget 
for mamvEaoturing tolerance flatness error category. The total that can be allotted 
to this category and still meet the three arc minute flatness requirement was 1.5 
arc minutes. The individual tolerance amounts are all plus and minus and un- 
related, therefore, it is Ic^cal to combine them using the root sum of squares 
(rss) method. 

If uo passive adjustment screw jack is used betweeu the primary and secondary 
structures, the tolerances combine to give an rss total deflection at an individual 
subarray of 0,442 cm (0,166 inch). This amount is approximately equivalent to a 
1.49 arc minute flatness error (goal 1,5 arc minute). 

Assuming that passive (i. e, , no active control during operation) screw jack adjusters 
are used between the primary and secondary structures and the secondary structure 
to the sufaarrays, the primary and secondary tolerances are replaced by one toler- 
ance amount covering the accuracy to which the actuators can be adjusted and 
measured. Each actuator tolerance is estimated to be + 0.152 cm (0.060 inch), and 
combining this with the subarray budget gives an equivalent flatness of 0, 77 arc 
minutes. 


2. 2. 3. 2 Mass Properties Summary — The General Dynamics/C ouvair Tetrahedral 
Truss Structure Synthesis (GDTTSS) program was used to support the study effort. 
The program computes the nodal geometry, member connectivity, tube thickness, 
member diameter from input length over radius of gyration of tube, and member 
thickness from diameter over thiclmess input. The mass properties of each 
member are computed and summed from input tube density and point design fitting 
weights. The nodal mass distributions are derived by distributing tube and fitting 
weight to the two connecting nodes. The program develops a complete math model 
input deck for the General Dynamics Structural Analysis Program (Solid SAP) avid 
Dynamics Mode Analysis. The mass properties as used in the finite element 
models for the trade study were derived by the use of the GDTTSS program for 
the primary and secondary truss, a weight allocation for the interface mechauism, 
and for the nonstructural mass. Results are summarized in Table 2-9. 

2.2.4 IVIANUPACTURING AND ASSEMBLY TECHNIQUES — In both configuration 
A and B designs, the secondary structure is used to support individual transmit- 
ting antenna subarrays. In planform (see Figure 2-30) these structures are 
characterized by a hexagonal shape measuring 1,128 meters across the coimers. 
Their overall depth, from subarray to the back of the primary structure, is 

116.4 meters. Typical member lengths are 130 meters for the primary structure 
and 10.75 meters for the secondary structure. The selected material of construc- 
tion, for both the primary and secondary, is GY-70 graphite/epoxy arranged in a 
four-ply pseudoisotropic layup. In order to estimate the magnitude of the fabri- 
cation task, a parts count of the major structural components was undertaken. 

The results of this study are presented in Table 2-10. Alternative methods of 
manufacture of these structural elements were considered. 
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Table 2-9, Mass properties summary 



NONSTRUCTURAL 

MASS 

(SUBARRAYS, ETC) 

SECONDARY 

TRUSS 

INTERFACE 
MECHANISM 
& STRUCTURE 

PRIMARY 

TRUSS 

TOTAL 

WEIGHT KILOGRAMS (LB) 

7.32 X 10* 
(16.1x10*) 

0.804 X 10* 
(1.77 x1Q6) 

0.137 X 10* 
(0.302 X 10*) 

0.316X 10* 
(0.698x10*) 

8.58x10* 
(18.92 X 10*) 

CENTER OF GRAVITY 






X METERS (FT) 

0.0 (0.0) 

0.0 (0,0) 

0.0 (0,0) 

0.0 (0*0) 

0.0 (0.0) 

Y METERS (FT) 

0,0 (0.0) 

0.0 (0.0) 

0.0 (0.0) 

0.0 (0,0) 

0.0 (0.0) 

Z METERS (FT) 

X.0(3,3) 

-4.1 (-13*4) 

-9.4 (-30.8) 

-67.9 

(-219.6) 

-2.15 (-7.1) 

MOMENTS OF INERTIA 


! 




Ij^j^KgM^ 

(SLUG-FT^) 

369 X lO"^ 

(272 X 1q9) I 

! 58 X 10^„ i 

j (43 X 10^) 

0.505 xl0^„ I 
(0.372 x 10^) 1 

28x10° „ 
(20.8 xl09) 

458 X 10^ 
(337 X 109) 

(SLUG-FT^) 

369 X 10“^ 
(272 X 10^) 

58 X 10^ 

j (43 X 10^) 

i 

0.505 xlO*^ ; 
(0.372 X 10^> 

28x10^ _ 
(20,8x10^) 

458 X lo'^ 
(337 X 10*^) 

2 

CSLUG-FT^) 

739 X 10^„ 
(545x10^) ! 

1 

S 

116 X 1q 7 
85 X lO*^) j 

1.012 X 10*^ 

(0.746 X 1q9) 

55x10° 
(40.8 X 10^) 

912 X 10“^. 

(^72 xlO^) 


Table 2-10. Structural parts count. 



Primary 

Structure 

Secondary Structure j 

Config. A 

Config. B 

Number Bays 

10 

14 

126 

No. Structural Elements 

1 

61 

1 

Spider .Assemblies 

166 

19,276 

24, 004 

Upper Surface Struts 

240 

28,182 

35,910 

Lower Surface Struts 

195 

24,339 

35, 343 

Diagonals 

225 

26,901 

35, 721 


2. 2, 4. 1 Triangular Beam Builder — The ultra-large size of the structural members 
and the number of parts required preclude detail fabrication on earth and transporta- 
tion to orbit for assembly . A machine capable of rapidly building extremely long truss 
members has recently been developed by Convair for Johnson Space Center, Houston. 
The automatic beam-builder, shown in Figure 2-35, was designed for use with the 
Space Shuttle. The device operates as a cyclic feed fabricator, i,e. the macliine is 
programmed to extend the beam one bay, then pause to permit assembly and joinir^* 
of the beam component members before proceeding. The beam caps are continuously 
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Figure 2-35. Convair beam-builder. 


processed from GY-70 grapbite/epojjy flat strip stock. Approximately 1, 050 meters 
of material is coiled in the storage canister. The material passes from the canister 
through a heating area and into a forming section. The material then passes into a 
cooling section where it is contact-cooled by aluminum platens. The coolirg platens 
cool one bay length of cap during the pause period. A drive system is incorporated in 
the beam-builder to provide the necessary force to each cap to drive the material 
from the storage canisters through the various processing sections and also to pro- 
vide the force required to advance the beam out of the beam-builder. A beam cutoff 
mechanism is provided to shear each cup and thus separate the completed beam from 
the beam-builder. 

A subsystem for deploying and tensioning the diagonal chord members, has also been 
developed. A chord tension force is applied to each chord during assembly. This pre- 
loads the chords sufficiently to preclude any slackening or over-tensioning due to 
thermal and dynamic deflection effects. 

The ci’oss-member strut is constructed from preformed grapliite/epoxy material cut 
to size and stored in bins on each side of the beam-builder exterior surface. A 
positioner/handler mechanism trauspoxts the cross members, one at a time, from 
their respective storage bins to their proper position along the beam where they are 
ultrasonically welded. 

The beam welding mechanism has six ultrasonic weld head assemblies, which are 
driven in pairs by a redundant motor drive for each pair. The three weld head 
positions are: 1) fully retracted to allow the cross members to be positioned by the 
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cross member positioners; 2) pierce position, where the piercing pin on each weld 
horn has penetrated the cross member and cap; and 3) the weld position, where the 
weld horn is engaged and properly loaded to enable the welds to be accomplished. 

Each w'eld horn is equipped to perform two dimple spot welds and one special cord 
capturing weld simultaneously, 

2. 2.4.2 Geodetic Beam Builder — An alternative "geodetic” beam concept for large 
space structures has been developed. This beam is characterized by a circular 
cross section formed by an open grid system of continuous elements arranged longi- 
tudinally and in counterwound spirals. 

This grid is similar to the 0-deg/+ 60-deg pattern, shown in Figure 2-36, which 
illustrates three metallic mesh tube specimens produced and evaluated in a 1968 
Convair lightweight structures program. The 0-deg/+ 60-deg pattern was adopted in 
the current assessment since elements in ail three "directions" are continuous and 
can, therefore, be fed from either rolled or coiled compact-storage equipment into 
an automated fabrication machine capable of producing a continuous member of great 
length. 

The baseline graphite/epoxy geodetic beam configuration, shown in Figure 2-37, con- 
sists of twelve axial members sandwiched between twelve (6 right and 6 left hand) 
helical members. The axial members are equally spaced about the beam circumfer- 
ence and joined at their intersection points with the helical member by ultrasonic 
welds. 


Figure 2-36. Mesh tube concepts. 
2-39 


SQUARE GRID (0/90) 


mmm 

■ ■ MVnWIBiaffBf ■! BiSf AWlil 


ISOGRID (0/+60) 






ISOGRID (+30/90) 









1" i y L. 











Figure 2«37. Cyliudrioal geodetic beam. 


The geodetic beam fabrication machine, shown in Figure 2-3S, is a nonoptimlzed, 
feasible, point desig'n concept in which heat forming was avoided to eliminate fiber 
breaitage and budding associated with forming bends in graphite/epoxjf material. 



Figure 2-38. Beam fabricator concept. 


The precured, axial members are stored In two canisters, each of which can accom- 
modate six, 1,050 meter long, coils of material. The counter spiraling helical 
members require a different storage approach because of tlieir greater lengtli and 
the necessity of achieving a stress-free form when integrated into the beam. The 
helical elements arc preformed and cured to their deployed configuration and then 
compressed solid in coil-spring fashion, for storage. TMs compx'ession incurs very 
little sti'ess within the members since the uniaxial material is torsionally flexible. 
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However, due to the total quantity of material involved (six helical elements in each 
direction), it is necessary to concentrically stack these compressed coils in radial 
disposition (i.e. , two layers of three parallel right-hand wound elements over two 
layers of three parallel left-hand v/ound elements), with suitable support sleeves for 
layer separation. 

The following paragraphs describe, sequentially, the various operations necessary to 
fe-bricate the geodetic beam. 

Material Peed. Motor-driven spools containing a vial material are activated by micro- 
switch sensors positioned at the member loop area. Helical material is peel ring fed 
when activated by mioroswitch sensors within the transition chamber. 

Prefeed Orientation. Helical material enters the transition chamber from the peel 
rings and contracts into respective internal and external contact with axial members 
preparatory to entering the preweld feed unit. 

Beam Peed . Two powered beam feed units (one each side of the weld station) initiate 
linear extension of beam. Because uniformity of the beam is dependent upon close 
repetitive tolerance between intersectional nodes, a simple friction drive of elements 
is not piractical. Therefore, the feed system is composed of a series of axially re- 
ciprocating intersection-grasping jaws. Element intersections are grasped prior to, 
during, and after joining. Jaw feed prior to welding aligns only the intersection of the 
helical elements along the path of the axial elements. Jaw alignment hold at the weld- 
ing head is positioned relative to the postweld feed jaws to maintain correct node pitch 
sequencing. Postweld feed jaws provide linear expulsion of beam by driving the now 
rigidly fixed intersections. 

Welding . Six ultrasonic weld heads, supported on a ring, reciprocating through 30-deg 
about the beam axis to cover all twelve axial members, grasp the node intersections 
for alignment during weld, A segmented weld anvil is internally expanded by a 
spreader sleeve in sequence with the weld operation. 

Ultrasonic welding was selected for element joining since it does not degrade the ele- 
ment interfaces, require contour deviation for added cross section, nor require addi- 
tional components or complicated manipulation. The element fibers, bot'i axial and 
helical, remain continuous with joining accomplished by fusion of the resin matrix 
without the production of debris, nor fiber displacement or breakage. 

Beam Straightness. An external alignment sleeve is provided for beam stabilization 
beyond the postweld feed unit. 

Beam Cutoff. Six ultrasonic guillotines, oriented similar to weld units, perform cut- 
off of beam members midway between the circumferentially sta^ered nodal inter- 
sections. Cutoff in this manner provides element material beyond each welded inter- 
section for attachment to a closure ring and does not produce waste or debris. 


2. 2. 4. 3 Spider Fabrication — Two spider designs are required; one for the primary, 
the other for the secondary. The secondary spider is a hexagonal structure spanning 
approximately five feet across its corners. This component will comfortably fit with- 
in the Space Shuttle cargo bay and may therefore be fabricated on earth and transport- 
ed into orbit for assembly. The primary spiders, however, are trussed, hexagonal, 
space frames, illustrated in Figure 2-16, which measure approximately 17 feet 
across their comers. The individual truss elements, making up the spider are iden- 
tical to the primary surface and diagonal beams, differing only in their lengths. The 
overall size of the primary spider's structure will necessitate assembly in orbit. 

2.2.4. 4 Orbital Construction Base — The Convair-developed system of space con- 
struction, using automatic fabrication methods, is shown in Figure 2-39, and was 
used as the basic concept in developing an orbital construction base. In this design, 

a beam builder, similar to that described in Section 2.2.4. 1 above, moves to succes- 
sive positions along a Shuttle -attached assembly jig and automatically fabricates tri- 
angular beams, each 130 meters long. The retention of the completed beams is pro- 
vided by the assembly jig. The beam-builder then moves to the position shown and 
fabricates the first of a series of shorter, but otherwise identical, cross beams. 

After the first cross beam is mated to the Icngitudinal beams, the assembly is auto- 
matically transported across the jig face to the next cross beam location, where the 
second cross beam is fabricated and installed. This process is repeated imtil a raft- 
like platform is complete. The cross beams will later be assembled to form a primary 
spider truss structure and are only temporarily attached to the longitudinal beams. 



Figure 2-39. Space construction system concept. 
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In this way, a stock pile of component parts could be manufactured and conveniently 
stored in orbit until such, time as assembly of the primary structure required their 
use. 

Realization that the use of an orbiter to support a long-term construction project is 
expensive and that several shuttle loads of hardware and raw materials may be re- 
quired to complete the task, led to the concept of a construction capsule. In essence, 
the capsule shown in Figure 2-40 is a cargo bay within a cargo bay, removable cylin- 
irical structure in which are mounted a beam fabricator and aJl fixtures and equipment 
necessary for structures fabrication. A construction system designed along these 
lines has an initial ability to operate out of the orbiter cargo bay. It can subsequently 
be parked in orbit and attached to a power module. It can be closed up for servicing 
in a shirtsleeve environment or be returned to earth for servicing and updating of 
equipment. 



Figure 2-40. Space construction capsule. 
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The beam fabrioatoi’ witliin the ooastruction capsule is capable of building single 
beams wMoh are sequentially joined to form a large subassembly. Such a structure 
consisting of two primary spiders and six surface beams is illustrated in Figure 
2-41. During assembly with its mating geo-truss structure, small thrusters will be 
required to maneuver this structure into its proper position. Dynamic stability is 
achieved by installing a removable gyro pack. Should the subassembly be fabricated 
in low earth orbit, a removable rocket engine may be installed to propel the structure 
to geosynohronous earth orbit, 

2. 2. 4. 5 Structural Assembly — A pi'imary program objective is to fabricate a 
structure which, while in orbit, will exhibit a maximum slope error of three arc 
seconds for each subarray. Of this allowable error, one and a half arc seconds is 
budgeted for manufiicturing distortion, the balance being reserved for thermal and 
dynamic deformation. This stringent requirement led to the identification of possible 
sources of manufacturing error and to the realization of die necessity of maintaining 
tight dimensional contx'ol dux-ing detail fabrication and ^nal assembly. Specific error 
sources and manufacturing tolerances ax'e treated in Section 2. 3 below while struc- 
tural member alignment and measuring systems are discussed in Section 2. 4, 

Early in the assembly of the geo-truss, a stable couflguratlon is reached. After this 
point, if additional struts are not of perfect length they must be stretched or shoitened 
to fit the available space and thus induce fabx’ication loads Into the staucture . Pre- 
liminary analysis indicates that the greatest load due to strut length error is in the 
neighborhood of 1222N (277 pounds). The magnitude of this load greatly exceeds the 
capability of a EVA crew member and will require the use of a jack-like tool to apply 
the installation force. 
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2,3 PEEPORaiANCE ERROR ANALYSIS 


Two performance paraineters of the MPTS system are critical to this study. These as 
the linear phase errors over the antenna subarray panels, and the mechanical line-of- 
sight error of the array beam* Both errors result from slope error in the orientation 
of the individual planar subarrays with respect to the aperture plane. The former 
places an upper bound on antenna efficiency since subarrays with slope error deliver 
less than peaic energy to the rectenna. The latter also causes a loss of efficiency, if 
the beam moves out of alignment with the rectenna. Line-of-sight (LOS) error is cor- 
rectable electronically by generating a phase correction for each subarray, or group of 
subarrays depending on tlie LOS error magnitude. Generally, the linear phase errors 
resulting from tilt of the subarray cannot be corrected practically by electronic means. 

Slope error of the subarray panels, then, contributes to two mechanisms that cause 
loss of power transmission efficiency. Random tilt of Individual subarrays causes bean; 
broadening with loss of efficiency, and general tilting of the whole structux’e causes the 
beam to be displaced with resulting loss of efficiency unless corrected electronically. 

In the first case, It is the rms slope error (after systematic tilt of the structure has 
been accounted for) that must be minimized. We use a 2 arc min. rms slope error as 
the performance goal of the random contx'ibution. The second case is the systematic 
tilt, wMch should be minimized to keep electronic phasing requirements witliin practi- 
cal limits. We use 2 arc min, maximum as the performance goal for mechanical LOS 
accuracy. 


2.3.1 RMS SLOPE ERROR RELATIONSHIP TO BEAM EFFICIENCY - The potential 
field of a single subarray, normalized to unity on axis, is approximated by: 


g(u)= 

U 


U = sm0 

A 


D is the effective diameter, 11.28 m (444. 1 inches) 
A is the wavelength, 12. 24 cm (4. 82 inches) 

6 is the slope error of the subarray 


The power density of angle 0 is (g(u))^ relative to unity at the beam center axis. A 
requirement is that power density should not fall below 0. of maximum as a x*esult of 
slope erx’or of the subaxmay. Solving for 6, the 3 arc minute slope error is generated. 
The 98 pex'cent efficiency can be met for the entire MPTS with some subarrays tilted 
more than 3 arc minute slope if others are less than 3 arc minute. 

Many contributing factors lead to displacement of the support points of the subarrays. 
These factors tend to give a normally distributed displacement error. This error leads 
to a bivariate normal distribution of slope on two orthogonal axes in the subarray sur- 
face. Total slope error can then be expected to have a Rayleigh distribution. Tliis 
distribution gives an indication of the probability of different values of slope error, s, 
for a root-mean-square slope error, rms. The relationship of rms slope error and 
beam efficiency is shown in Figure 2-42. 
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Figure 2-42. KMS slope eri'or relationsliip to efflcieucy, 

Combming the power density, and its probability of occurring, the efficiency is then 
computed for any rms slope error. An rms slope error of 2. 9 arc min. can be expected 
to give a 98 percent beam efficiency. For one design goal we have used 2 arc minutes, 
equivalent to 99 percent beam efficiency. 

Tills is a conseiwative estimate because the largest distortions usually occur at the 
edge of the structures. For the primax 7 structure, the major errors will occur where 
Illumination is reduced and the overall efficiency of the MPTS antenna should be higher 
than that predicted above, 

2.3.2 COMBINATION OF RMS SLOPE ERRORS — Slope ovei* the subarray sui'face is 
a random vaidable. Each subarray panel has a slope with respect to the principal axis 
of the antenna. The efficiency of the antenna is relatable to the root mean square (RMS) 
slope of all the panels. 

The rms slope of a surface A is the squai*e root of the expectation of a2. 


E (a2) 

II 

n 9i 

- r a2 



i=x J 


RMS slope error is one figure of merit for rating stnictural performance in tliis study. 
We compute the slope error for surface A by comblaing the tilt of the suriace on two 
axes. These are also random variables: C and D (Figure 2—43), Using the small angle 
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RMS(A + B) = R(MStA) + MS(BM 



Cl 



NECESSARY 
CONDITIONS', 
E (CE) = 0 
E (DF) = 0 


RMS(A-r61 = R(MS(A) + MS(B» 
RMS(C^) = R(MS(C)-i-MS(E)) 


RMSID-fR = R(MS(0) + MS(R) 


Combination of rms slope errors. 


approximation rms (A) is equal to the root sum square (ESS) of rms (C) and rms (D) « 
R (MS (C) + MS (D)). We wish to be able to combine the slope error of surfaces A & B 
by the same process rms (A+B) = R (MS (A) + MS (B))j where A and B are two error 
sources that contribute to total slope error (e. g. , manufacturing tolerance and thermal 
distortion). 


We liuow that the individual tilt errors on the same axis are additive (e.g. , C and E). 

We could combine n values of C and E and then calculate rms (E+E). Fortunately if 
eirror sources A and B are independent then the expectation of CE is zero and we can 
get the same result by combining the squares of rms (C) and (E). Now rms (C+E) and 
rms (D+F) are combined (RSS) to get rms (A-s-B). Rearranging the right hand terras j the 
final result is obtained: 


RMS (A+B) = R (MS (A) + MS (B)) 

This equation permits the direct combination of overall rms slope errors from various 
sources and from the primary and secondary structures. 

2. 3.3 LINE-OF-SIGHT (LOS) AND RMS SLOPE ERROR CALCULATION FROM 
SURFACE DEFLECTIONS — The second figure of merit for evaluating structural per- 
formance is LOS accuracy. If all subarrays of the transmitting system are driven in 
phase, the beam will deviate from the Une-of-sight to the rectenna because of the com- 
bined effects of attitude control error and array surface distortion. This structural 
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LOS error is corrected electroaically by differeatial phasing of the subarrays, since 
the difficulty of making the electronic correction increases with structural pointing 
error magnitude. The general requirement for 3 arc min. maximum slope error for 
the entire antenna limits pointing error to 3 arc min. With a number of statistically 
distributed error sources causing slope error, it is not possible to guarantee that some 
individual subarrays ■will not exceed 3 arc min. slope error. The distribution of slope 
error has little effect on pointing accuracy. Rather, it is the systematic slope error 
over the surface which causes the beam to be displaced. We have used 2 arc min. 
maximum as our study goal for the beam displacement resulting from the various dis- 
tributions of slope error encountered. 

LOS accuracy is the angle through which the antenna structure woxild be rotated to maxi- 
mize the received energy at the rectenna. Rigorous calculation of this angle would re- 
quire an approach equivalent to calculation of the far field pattern of the aperture 
represented by the distorted array surface. This pattern would be projected on the 
rectenna using the geometry of the earth/orbit model, A linear phase distribution over 
the aperture would then be calculated to center the beam on the rectenna in a way to 
maximize energy transfer. The equivalent ar^le of the linear phase distribution is the 
theoretical LOS error. 

Practically, with many distortion cases being considered in this parametric analysis, 
a few assumptions must be made to simplify LOS accuracy calculations. We assume 
that the beam is symmetric, maximum energy is received when the beam is centered 
on the rectenna, and the beam center is deflected by the average slope of the surface. 
Slope on an axis was defined in Figure 2-43. LOS accuracy is the rms of the average 
slope error on the x and y axes. The equivalent in optics is tilt about 2 axes which 
determines beam displacement of a planar reflector. 

Slope error is computed from the surface displacements parallel to the LOS. The dis- 
tribution of these surface errors is a random variable z. The Variance of z is: 

Var (z) = E (z - |J. r- ax - by)^ (1) 

. where: |Jt. is the expectation of z, E(z) 

a and b are tilt of the sur&ce on two axes 

X and y are the coordinates of error z 


Expanding (1): 

Var (z) = E (z^) - fa.^ + a^ E (x^) + E (y2) - 2a E (xz) - 2b E (yz) (2) 

Tbe remaining terms are zero because E (x) = E (y) = E (xy) = 0 for the symmetrical 
structures considered. 

_ , . . 3Var (z) 9Var (z) 

For Var (z) to be a mimmum: r — ^ ^ = 0 (3) 
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( 4 ) 


Differentiating (2) and solving for a and b yields: 
E (s") E (y*^) 


Finallyt 


Vaa.(z) = E(s2)-,2_iI^^ 

E (s'") E (y^) 


( 5 ) 


Interpreting (5), Var (z) Is a measure of surface distortion after coiTections have been 
made for average displacement (p) which contributes only group phase error and is not 
significant to this study, and for tip and tilt. The new variable 


rt — 


= 2 - p-ax-by 


( 6 ) 


is used to compute rms slope error which influences beam efBclency but not LOS 
accuracy. For these values of z*, u, v, and w, tilt of a single panel is; 

panel tilt _ gn *. | (u^ " uv + “ vw t w^ - wul ~l 

(arc min.) “ ^ i 930.6 ^ 


(7) 


RMS slope error is the root mean squat's of all panel slope errors. 

Equations (4) gives average slope on the x and y axes. Since these slopes are small, 
the absolute value of LOS angular accuracy is: 

LOS (arc min.) = (a^ +h^)'^ (S) 

2. 3. 4 ERROR SOURCES 


Slope error is a function of deflections of the MPTS supporting tiruss structures. Speci- 
fically, deflections normal to the flat subarray surface at the interface nodes betv'een 
the primary and secondary structures, and at the support nodes of the subarrays on tlie 
secondary structure determine the slope error contribution of the truss structures. 

There are thx*ee basic categories of ei'ror sources (Figure 2-44). They are: manufac- 
turing, maneuvering and thermal. In the first, we have included all error sources that 
contribute to variation in assembled node-to-node strut length evaluated in an arbitrary 
standard environment. Maneuvering error sources result from external forces and 
momenta applied to the support structure by attitude control maneuvers, statio nice e ping 
and other environmental perturbing forces. Thermal expansion encompasses all error 
som'ces that influence slope error as a result of temperature change from the standard 
environment to the operational environment. 


2-50 





VARIATION IN FORCES fit 

MOMENTS FROM 

STRUT LENGTH 


JUNCTION 

FITTINGS 

JOINT 

TOLERANCE 

MEASUREMENT 

ACCURACY 


MANUFACTURING 
& 

ASSEMBLY /totALN 
TOLERANCE ^ 



MANEUVERING 

& 

ENVIRONMENTAL 

ACCELERATIONS 


attitude 

CONTROL 

STATION- 

KEEPING 

ECLIPSE 

PERTURBATIONS 


TOOLING 


THERMAL EXPANSION 
CTE X TEMP & E X X-SECTION 


ENVIRONMENT 


VARIATION IN 




COEFFICIENT OF THERMAL EXPANSION 


^ VARIATION JN 

MODULUS OF ELASTICITY 


ABSORPTIVITY/EMISSIVITY STRUT CROSS-SECTIONAL AREA 

RF SYSTEM HEAT DISSIPATION 
THERMAL ENVIRONMENT 


Figure 2-44. Slope error sources. 

Maneuvering accelerations are error sources that exist regardless of the design para- 
meters. Slope error can be minimiaed by distributing control forces, increasing struc- 
tural stiffness, and designing the structure so that slope error is less sensitive to the 
anticipated accelerations. 

Manufacturing and thermal error sources are primarily the result of uncertainties in 
measurement, material properties and the enviroarnent. We can design to generate a 
flat structure in the operational environment if CTE, temperature, E, and strut dimen- 
sions are known. It is the uncertainties in these values that lead to the operational 
slope error in the passive system, 

2. 3. 5 CALCULATION OF DISTORTION FROM KNOWN ERROR SOURCES — We have 
identified the error sources, and discussed the relationship of the resulting surface 
distortions to slope error and to beam eMciency and LOS accuracy. A process of 
finite element modeling and analysis is used to complete the sequence from error source 
to structural figure of merit. 

Two major programs are used in the modeling and analysis. The first is the truss 
structure synthesizer, and the second is the structural analysis program. The syn- 
thesizer generates the arrays of nodes representing the structure, and the connectivity. 
A variety of algorithms are available to establish the strut weight depending on type, 
I/P, minimum gage material, and design load. The model generated is compatible with 
the Convair Stnictural Analysis Program, and NASTRAN. 
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2. 4 MODAL SXJKVEY/NATUEAL FREQUENCIES 

Investigations of natural frequency characteristics were carried out for the baseline 
design considering the five ring primary structure as the only flexible portion of the 
system. The secondary structure and rf systems were carried as nonstructural 
weight on the foirward surface of the primary array. 

The structure is treated as a pin-ended truss system, free in space and thus will ex- 
hibit six rigid body modes as well as elastic dynamic chax'acteristics. A mathemati- 
cal simulation of the structure was developed and analyzed by finite element methods 
with NASTRAN. 

Due to the topological similarity of this structure with Convair's geo-truss, antenna 
structures, it was possible to use automated methods developed for those systems in 
the formulation of the MPTS modal study. The GDC tetrahedral truss structure syn- 
thesizer program (GDTTSS) formulated the necessary geometric data for the MPTS 
using an Infinite focal length and the proper diameter. This program establishes 
truss joint locations in space and defines the appropriate connectivity for a tetrahedral 
truss system. Member stiffness and mass properties are also defined, along with 
contribution of nonstructural mass to front surface model grid points. All mass items 
were represented by lumped mass simulation. 

Fi'equencies and modal characteristics for the baseline primary structure are sum- 
marized in Table 2-11. Mode shapes for modes 7-10 are illustrated in Figures 2-45 
through 2-48. These are the first elastic body modes, whereas modes 1 tlxrough 6 
are rigid body, zero frequency modes. Modes 7 and 8 display astigmatic banding; 
mode 9 is a basic defocus mode; and mode 10 is a trefoil bending distortion. 

Table 2-11. Natural frequencies, baseline primary structure. 


Mode 

No. 

Frequency 

Hz 

Description 

1 

0. . 

Rigid Body 

2 

0. 

Rigid Body 

3 

0. 

Rigid Body 

4 

0. 

Rigid Body 

5 

0. 

Rigid Body 

6 

0. 

Rigid Body 

7 

0.084776 

Astigmatism 

8 

0.084776 

Astigmatism 

9 

0. 141367 

Defocus 

10 

0.148123 

Trefoil Bending 
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Figure 2-46. Baseline design, Mode S, f = 0.0848 Hz, 
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Of the various material properties, only the modulus of elasticity, E, has an influ- 
ence on structural frequency. As this parameter is varied, the natural frequencies 
win chaise as the square root (f~v/E). Geometric changes can produce significant 
changes in frequency; changir^ the array depth results in directly propox'tional fre- 
quency changes. Increasing the number of rings of the truss structure for a given 
diameter decreases the depth and reduces the frequency. It is not anticipated, how- 
ever, that structural frequencies wiE control such fimdamental design parameters as 
number of rings or depth, since the frequency range is so low that the usual frequency 
sensitivities, e-g., control system considerations, are not present. 

2. 5 GE3STERALI2ED FLATNESS STUDY 

In Task 1, a generalized slope error study was performed. This approach is a con- 
venient starting point as it provides a means of calculating representative slope errors 
associated with probable values of error sources. It makes use of unit material para- 
meters and loading conditions. With derivation of scaling laws, the slope errors cor- 
responding to unit disturbances can be scaled to examine the effects of the various 
error sources. This analysis can be accomplished before the detailed thermal 
environment (Task 2), and the actual acceleration environment (Tasks 2 and 3) liave 
been established. 

A common ^ure of merit, in this case rms slope error, is used to get combined 
slope error j&om uncorrelated error sources, e.g. manufacturing tolerance and 
thermal. Line-of-sight error is also computed for unit accelerations. 

This process minimizes computer time expended. As an example, random tempera- 
tures are introduced in each strut in the primary structure. Processing the resulting 
distortions for unit GTE yields data that can be interpreted as the effects of: 

1. Random temperature resulting from variation in the absorptivity /emissivity 
ratio. 

2. Random distribution of GTE. 

3. Manufacturing tolerance in strut length. 

Generalized results were obtained for: 

1. Linear and angular accelerations. 

2. Manufacturing tolerance buildup. 

3. Variation in GTE. 

4. Uniform and Gaussian temperature distribution. 

5. Variation in modulus and strut cross section. 

2. 5. 1 RMS SLOPE ERROR RESULTING FROM MANEUVERING ACCELERATIONS - 
Six standard loading conditions corresponding to linear acceleration on three ortho- 
gonal axes, and angular acceleratlous about the axes are incorporated in the typical 
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finite-element structural deflection analysis. Postprocessing of the deflections then 
yields rms slope error for the MPTS fiat surfaces represented by the structure. 

The resulting slope error has been scaled to correspond to one thousandth of a "g" 
linear, and to 1 arc sec/sec^ angular accelerations. While these accelerations are 
small, they are relatively large compared to those anticipated for the MPTS structure 
in its operational environment, Por example, the MPTS rotates once per day to re- 
main pointed at the ground receiver antenna. An angular deceleration of 1 arc sec/ 
seo^ would stop this rotational rate in 15 seconds elapsed time. Typical maneuvering 
will not approach these acceleration levels. 

The primary structure is supported at three back surface nodes at the coiners of an 
equilateral triangle of sides 391 m (1,283 feet). These nodes are grounded in the 
stmctural analysis. This represents a typical mounting condition. For thermal dis- 
tortiou minimization, a kinematic mount would be better. It would allow uniform 
growth without distortion and make the antenna structure insensitive to dimensional 
changes in the supports. It would, however, increase distortion resulting from forces 
transmitted through the support interface. If either thermal distortion or acceleration 
distortions is critical the situation could probably be improved by redesign of the sup- 
port system. 


The rms slope error in arc minutes in given in Table 2-12 for the ®.tx standard load- 
ing conditions. Distortion and resulting slope error is not as severe in the primary 

Table 2-12. Generalized rms slope error (arc min) 

resulting from maneuvering accelerations. 





PRIMARY STRUCTURE SECONDARY OFFSET CG TOTAL RMS 

ACCELERATION CONFIG. A CONFIG. B STRUCTURE ALLOWANCE SLOPE ERROR 


10-3 G X 

0.668 

0.653 

0.349 


0.754 

10-3 G Y 

0.668 

0.653 

0.349 


0.754 

10-3 G Z 

0.576 

0.574 

1.697 


1,792 

1 ARC SEC/SEC^ X 

0.302 

0.295 

0.055 

0.409 

0.511 

1 ARC SEC/SEC^ Y 

0.302 

0.295 

0.055 

0.409 

0.511 

1 ARC SEC/SEC^ Z 

0.019 

0.017 

0.003 

0,059 

0.062 
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structure for disturbances on the Z axis sis for the in-plsiae axes. The secondary 
structure is supported at three added back surfe.ce nodes at corners of the hexagonal 
planform. It is particularly s(-.nsitive to Z axis acceleration because of the large 
span, heavy noi;;..l'ructural mass loading, and relatively small depth. 

A slightly different rms slope error is given for the primary structures of configura- 
tions A and B. The primary deflections are essentially the same, but.the slope error 
distributed over the secondary is some-what different for the individual flat plates of 
configuration A, and the continuous secondary surface of configuration B. The larger 
value is used in the estimation of total rms slope error. The differences will be dis- 
cussed in the Section 2,8 comparison of the inherent flatness of A and B configurations. 

The slope errors shown for the secondary structure are small for angular rotations 
about the center of the structure. If the secondary structure segment is located at 
some radius, R, from the center of the primary, an additional linear acceleration is 
computed. The radius of gyration is used as the representative radius of the second- 
ary structures. The resultirg distortions are listed as the offset allowance. 

The final total rms slope error is estimated to be the RSS of the contributing slope 
errors of the primary and secondary structures. 

2. 5.2 tolerance BUILDUP EEEECTS ON RMS SLOPE ERROR — Manufacturing 
tolerance in strut length results in internal loads in the assembled structure, and 
initial deformation of the flat surfeces. The easiest way to simulate stirut length 
variation is to enter varying temperatures for each strut in the structure. These 
temperatures, in coujunction with a constant nonzero GTE, simulate a dimensional 
distribution. The finite-element analysis then computes the induced loads as a result 
of the strut length variation. Finally, with the stiffness matrix, the eqviillbrium de- 
flections and residual stresses are computed. 

For this analysis, a temperature distributioa with a standard deviation of 16. 7C (30F) 
and a GTE of 1. 8p/m/C (1 |jin./in./F) were used. For the primary structure, the 
normally distributed temperatures were computed for each of 660 struts. For the 
secondary structure (one representative hexagonal element) temperatures were com- 
puted for 1302 regular struts and 9 supporting tripod struts. Six sepaiate cases were 
constructed for both the primary and typical secondary structure for a minimum size 
Monte Garlo-type analysis. The worst case results are reported in Figure 2-49. 

The reference error size is 1 part in 10, 000 (Itr), This is equivalent to a 3. 9 cm 
(1. 5 inch) tolerance on primary struts. This allowance covers the node-to-node path 
so must include strut length variation, joint tolerances and junction fitting tolerances. 
Secondary strut tolerance is essentially j;3.2 mn (0. 13 inch). 

The dominant error source is the secondary strut distortion. This appears to result 
from the somewhat greater diameter to thickness ratio of the secondary. The final 
numerical value of rms slope error would be unacceptably large, however, the actual 
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TYPICAL SECONDARY 
STRUCTURE ELEMENT 



PRIMARY 
STRUCTURE 


INSTALLED 

PRIMARY 

STRUT 

LENGTH 

VARIATION 


1^0.3 M (3129 IN.) 
TYPICAL STRUT 


INSTALLED 
SECONDARY 
STRUT 
LENGTH 
VARIATION 


10^75 M (423 IN.) 
TYPICAL STRUT 


<r= 0.107 CM 
(0.042 IN.) 



EFFECT OF 1 PART IN 10,000 Off) ACCURACY IN NODE-TO-NODE LENGTH OP INSTALLED STRUT 

PRIMARY STRUCTURE SECONDARY TOTAL RMS 

CONFIG. A CONFIG. B STRUCTURE SLOPE ERROR 

1.215 1.091 2.275 2,579 

Figure 2-49. Generalized tolerance buil(3up effects 
rms slope error (arc min). 

manufacturing and assembly tolerances should be less than 1 part in 10,000. At any 
rate, tolerance buildup is a critical area, si^gestii^ that initial alignment and ad- 
justment may be necessary at time of '.iiisembly, 

2. 5. 3 EFFECT OF GTE AND TEMPERATURE CHANGE •- The properties of GY-70/ 
X-30 pseudoisotropic material were used to represent the anticipated GTE, A normal 
distribution of CTE is used with a mean value of -0, 038 p/m/C (-0. 021 fiin. /in. /F), 
and a standard deviation of 0.072 (0.040). For a temperature environment, a uniform 
temperature rise of lOOC (180F) and an additional gaussian distributed lOOC (180F) 
gradient across the entire structure are used. 

A constant nonzero CTE coupled with a uniform rise in temperature results in uniform 
growth (or shrinkage) for the structure except for the distortion introduced by the con- 
straints imposed at the mounting points. Variation in CTE or temperature over the 
structure results in distortion which causes slope error. Tlie total estimated slope 
error for a lOOC (180F) temperature rise is 0. 186 arc min rms. The distortion of 
the secondary structure predominates, probably because it has a larger diameter to 
depth ratio. The effects of ®ctE simulated by generation of random CTE x T 
products for each element of the structure. The results are shown in Figure 2-50. 


In calculation of the effects of the gaussian temperature (iistribution, both f^CTE 
“CTE are signiScant. To calculate the distortion resulting from PcTE» simula- 
tion was conducted with a CTE of -0. 038 (-0.021) for ail elements and temperatures 


2—58 



©HICtTNAL PAG^‘- 
Oif' i’OOU QUALliY 



IQQC ClSOn UNIFORM RISE IN TEMPERATURE 

PRIMARY STRUCTURE 
CONFIG. A CONFIG. B 




0.087 0.079 

looc (laon exponential temperature gradient 


PRIMARY structure 
CONFIG. A CONFIG. B 


^CTE 

*^CTE 


0.009 

0.034 


0.009 

0.034 



SECONDARY 

STRUCTURE 

0,164 


SECONDARY 
STRUCTURE 

O.OCO ’ 

0.125 I 

OVERALL TOTAL 


TOTAL RMS 
SLOPE ERROR 

0.186 


TOTAL RMS 
SLOPE ERROR 


0.130 

0.316 


Figure 2-50. Generalized rms slope eri'or (arc min) 
resulting from temperature change. 

computed for each element based on its radial position in the piimary structure. The 
secondary structure does not have a significant gradient over each hexagonal element, 
and therefore has no contributing slope error. The GTE x T product for each struc- 
tural element of the primary was computed for the rar'^om normally distributed GTE, 
cr = 0.072 (0.040) and the g'aussian temperature. The response of the secondary 
structure is computed by rms calculation of tlie individual secondary structures each 
with a uniform temperature rise corresponding to its position on the primary. The 
combined effects result in a predicted 0. 130 arc min rms slope error. 

The overall total is taken as the sum of the uniform, and gaussian slope ex'rors because 
the two would be expected to be correlated since the type of distortion is similar for 
both. The overall total rms slope error is 0.316 arc min. In Task 2 (refer to Section 
3. 2), the actual temperature distributions are computed fox’ different positions in 
orbit, and the slope errors examined in detail. 

2.5.4 RMS SLOPE ERROR RESULTING FROM VARLATION IN Et - In the manufac- 
ture of graphite/epoxy tubes, the diameter is determined by tooling and is relatively 
constant from part to part. The thickness, t, of the laminate (tube wall) varies with 
material thickness and vai’iation in cure. The properties of the laminate are mea- 
sured for specimens that vary in tliiclmtsss. Frequently, the variation in E measured 
will be greater than for the product Et because the thicker specimens result from a 
surplus of resin raatrLx wliich does not contribute siguificrmtly to elastic modulus. The 
E X area product for the tiniss stinit is propoi'tional to Et. Deflections of the flat 
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surface depend on tlie variation in E x area from strut to strut. This analysis was 
conducted to establish the magnitude of slope error resultir® fx’om a nominal variation 
in Et. 


The Et product can be vailed by distributing either E or t. Variation in t is easier to 
implement, so inputs were prepared for each of the 660 stmts. The area used for the 
primary strut liad a normal distribution with |x= 5,692 sq. cm (0.8823 sq. in.) and 
<r = 0.356S sq. cm (0.0551 sq. in.). These numbers were selected to correspond to 
a measured variation in E for GY-VC/X-SO of 6, 24 percent of ti • mean value standard 
deviation. To complete the model, E was set at 108 GN/M^ (15.7 MSI), and the GTE 
at -0.02Sti/m/C (-0.021p.in./in./F). 

Distortion results from variation in Et and an applied load. The loading was provided 
by a uniform tempex'ature rise of lOOC {180F) above the stress-free reference 22. 2C 
(70F), and a gaussian 10 dB tapered gradient of lOOC (180F). 

Because the magnitude of the errors is small, the simulation was not extended to the 
secondary structure. The aecondai'y distortion was estimated from the ratio vi 
secondary slope ei’r.«r to primary slope error for the effect of GTE variation. The 
results are shown in Figure 2-51. Variation in elastic modulus is not a significant 
error source. 
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Figure 2-51, Generalized rms slope error (arc min) resulting from variation 
in Et (modulus x laminate thickness). 


2,5.5 POINTING ACCUEACY ANALYSIS — Three points at the rear of the primary 
truss have been used throughout the analysis to establish a reference coordinate sys- 
tem. These are nodes 1084, 1087, and 1066, located at 120-degree intervals on a 
circle of radius 225.7 maters (8887 inches) around the geometric center of the rear 
surface. All six degrees of freedom are constrained for these three points. All 
slope errors computed in this study are with respect to a plane through these points. 

Pointing accuracy can be separated into two parts. The first relates to the accux'acy 
of the attitude control system in maintaining this plane normal to the optical axis from 
the transmitting antenna to the rectenna. This is the pointing accuracy for a rigid 
body antenna structure. The second relates to the aonrigid body behavior of the 
antenna under acceleration and as a result of thermal distortion. This deformation 
causes the beam center to be displaced from the axis normal to the reference plane. 

The generalized beam displacements for unit linear and angular accelerations are 
shown in Table 2-13. The Mnaar accelerations at 1 om/sec^ are larger than pre- 
dicted for wox'st case expansion of tlie solar collector. The 0,55 x 10“^ acceleration 
reported at midterm has been used as the step function excitation for di/namic analysis. 
This linear acceleration generates a beam displacement of less than 0. 2 ai-c minute 
from the principal axis. The angular acceleration effect is even less significant. 

This magnitude of angular acceleration also results in beam displacement from the 
optical axis of less tlrtn 0.2 arc minute. 

Table 2-13. Beam displacements for linear 
and angular accelerations. 


LINEAR ACCELERATION (-1 CM/SEC^) BEAM POINTING ERROR (ARC MIN) 


AXIS 

X AXIS ROTATION 

Y AXIS ROTATION 

TOTAL angle 

X 

0,000 

-0,319 

0,319 

Y 

0,319 

0,000 

0.319 

Z 

0.000 

0,000 

0.000 

ANGULAR ACCELERATION (-1 ARC SEC/SEC^) ’ 

BEAM POINTING ERROR (ARC MIN) 

ROTATION ABOUT 

• X AXIS ROTATION 

Y AXIS ROTATION 

TOTAL ANGLE 

X 

0.141 

0.000 

0.141 

Y 

0,000 

0,141 

0,141 

Z 

0,000 

0.000 

0,000 
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2.6 TECHNIQUES AND PROCESSES FOR PREDICTING (AND MINIR'IIZING) 
mSALIGNMENT 

Msaligument in the structures is the result of all manufacturing, assembly and adjust- 
ment tolerances. It causes the suharray surface in the nominal operational environ- 
ment to deviate from an ideal flat. It results in LOS error and a loss in power trans- 
mission efficiency, 

Fortunately, the LOS error is a fixed boresight ei’ror wMch can be corrected by a 
small bias In the attitude control pointing commands , The rms slope error remaining 
after the correction for LOS error is relatively random over the sui'face. It repre- 
sents a loss of efficier.cy in power transmission which will exist for the life of the sat- 
ellite. It is necessary then to predict the magnitude of tlie .nisaHgnment, and talce 
steps to ensui’e that it is within tolerable limits. Because of the long term stability of 
graphite/epoxy structures (i.e, creep and mlcrostrain less than a few parts per million 
length), control of misalignment is an initial manufacturing, assembly and aiignmeni 
problem. If active control of the surface figure were required to accommodate thermr l 
and acceleration loads from the nominal operational condition, then correction for 
initial misalignment would be automatic- Since active figure control is not warranted, 
minimlzatiou of misalignment is important. 

In Section 2.6, the generalized distortions and resulting rms slope error were com- 
puted for a random strut leng’th variation of 1 part (Icr) in 10,000. The result is 2.6 
arc min. rms. The budget for the contribution of manufacturii^ tolerance Is 1.3 arc 
min. rms, oi' nominally LQ ppm (Ij) variation in node-to-node distance In the pi'imary 
and secondary structure. The largest part of the slope error budget is allocated to 
mis p-Hgnment, aud Study results have shovm that it is the most difficult error soux'ce to 
control within budget. 

Table 2-14 lists the potential error sources and their orders of magnitude in ppm of the 
node-to-node distance. In the following subsections w’e describe the manufactuidag 
process, and the steps talson to minimize tlie misalignment loss. The RSS total Is 
equivalent to 0.5 arc min. rms total manufacturing eri’or'. TMs should be i.cceptable 
without farther improvement. 


Table 2-14. Manufacturing aud alignment error sources. 


Error 

Pilmarv, PPm (Itr) 

Socoudax'v, ppm (la-) 

Length Determination In Strut 

10 

10 

Joint Tolerance 

1 

2 

Junction Fitting Tolerance 

1 

1 

Thermal Distoxtion 

13 

13 

Elastic Modulus Effect 

2 

2 


RSS Total 


16. 6 


16,7 



' 1 MANUirACTURING ENVTRONMEOT — TI 10 most probable site for maaufaoture 
o? lue structural elements of the primary and secondary structure is in low earth orbit. 
The feasibility of tli© MPTS antenna does not depend on the site however, and most of 
the fabi'ioation may occur on eartli, and final assembly of major components may most 
effectively he done in synclu'onous orbit. The environment in each case will have a 
bearing on the accuracy of the assembled structure. The major environmental con- 
siderations are; 

1. Zero-g or one-g 

2. Vacuum or atmosphere 

3. Temperature 

4. Humidity 

The fundamental stop la the manufaotui’ing process that most affects structural align- 
ment is measurement of the critical dimensions of each structural element. Wiethar 
the raanufactui'iug px’ocess for an individual strut maUes use of a beam builder, or con- 
sists of assembly of finished detail parts, or relies on a single-cure integral beam, at 
some point the beam must be "trimmed” to its finished length. Trimming can be equi- 
valent to drilling a tooling hole or bonding an end fitting — whatever establishes tlie 
Hnal effective length of tlie part, 

Graidty Effects Handling and measurement of ultra-lightweight struts would be facili- 
tated in the zero or low-^ onvironmeut of an orbital manufacturing site. At one-g, It 
would be difEcult to support a strut so tiiat its stress-free length could be determined. 
Supported vertically, fi*om one end, the 130-m (5118-in,) primary stimt would stretch 
2.5 mm (0,1 In.) or 20 ppm. Using zero-g simulating supports along the length, tliis 
elongation could probably be reduced to 2 ppm with lilgh confidence. In a zero-g en- 
viroumont, tlie true length could be measured. 

Pressure Environment There are no major effects of atmospheric pressure in the 
manufacturing environment on the achievable structural accuracy, tf a sliirtsleeve 
environment Is provided for crew, thei\3 are Important considerations related co niain- 
vaining a suitable envlroument in an enclosed space whore graphite fibers and various 
resin systems and adhesives ai*e being used. 

One possible effect on measurement in air atmosphere relates to use of velocity of 
light in the length determination. If a laser interferometer is used to generate a stand- 
ard length for coordiuatlt^ the length of struts, the measurement will fluctuate with the 
velocity of light in the path. A ranging system such as the Kei*n Mekoraoter (Section 
3.41 uses an internal cavity as the length I'eference. It is also sensitive to the velocity 
of light. For tliis application, the variation in measurement due to atmospheric density 
is negligible. 


Teinperamre Enydronment -- The temperature at which the length a structural ele- 
ment is fixed is very Important. If a pi'iniary strut is fabricated and trimmed at room 
temperature and then brought to operating temperature, the stress-free length can 
cluinge considerably. Using typical values for CTE :md operational temperature, a 
structural element (graphite /epaxj') at tlie center of the primary s'rjcture will shorten 
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an avei’age of 7 ppm in length. Moi'e signtfioantly^ beoause of t he dist3cibutioa in CTE, 
the actual length ohai^*e could vary from -47 to +84 ppm. This variation at 13 ppm (lo-) 
is 26 percent of the overall budget for node-to-node distance vaidation. It su^ests 
that temperature control is advisable at the time of dimensionii^ of stimctural elements. 

Humidity — The effect of humidity on isotropic GY-70/X-80 is a miorostrain at equil- 
ibrium approximately equal to the relative humidity In percent. The process is revers- 
ible, and for the thin gages considered for the MPTS, the structures would dry to a 
stable length within a few weeks at operational temperatures in space. If the structural 
element is fabricated on earth or in a space facility that has a shirtsleeve environment, 
a minimum of 20 percent RH is acceptable for operator comfort. TMn waU tubes, 
panels and other G/E detail parts would be expected to grow to a maximum of 20 ppm in 
length after about 6 months exposure at normal temperature. The estimated distribu- 
tion in this growth is 5 ppm (lo-). 

This effect is minimized or eliminated by: 

1. Fabrication and trimming in a dry or vacuum environment. 

2. Manufacturing in a 20% RH environment. Trimmit^' after equilibrium grou+h has 
been reached, with allowance made for mean hygroscopic expansion. 

3. Using accelerated drying {and thermal cycling) to stabilize str'.oture and then 
trimming. 

Mechanical Stress — Generally the stmt or fitting should be stress free at time of 
trimming. There may be exceptions. A strut with nominal E and F values would have 
a microstrain of 1000 at ultimate loading conditions. If we know that it will be loaded 
because of gravity gradient or rotational accelerations in the operational environment, 
we can predict tlie nominal length change. The options are: 

1. Trim under nominal operational stress level. 

2. Bias trim to compensate for known load. 

3. Trim to standard length. 

The third option is probably valid. Although the deflections under‘*load may be hundreds 
of ppm, tills only occurs at a few stmts uear the hub, and the result is a rigid body 
x'otation of the antenna, TMs leads to mechanical pointing error which is corrected by 
attitude control. 

2.6.2 MATERLAL PROPERTIES — Thermal distortion results from variations in the 
coefficient of thermal expansion, and the elastic modulus. The latter causes thermal 
distorting because of the redundant load paths in the three dimensional structui'es. If 
the stmcture is aligned at one temperature, and operated at another, variation in E 
will cause misalignment even though uniform growth would be expected for a constant 
CTE. Since the misalignments from these sources ax'e the result of manufactui*ing and 
initial alignment, they are correctable or can be minimized in the manufacturing pro- 
cess. 
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If uucox'rected, the maximum random stiut length variation for CTE effects and E 
efifects are 13 and 2 ppm respectively for tlae structures. This assumes that the pro- 
perties of GT-70/X-30 axe acliieved by the selected G/E composite. We can eliminate 
E as an error source. It may be advantageous to use materials -with greater variation 
in E as a cost saving or logistics benefit. Unfortunately, GTE for graphite fiber is 
correlated with E so that close tolerance on CTE -which is necessary will probably 
automatically keep E within limits to make its effect negligible. 

Control of CTE will be facilitated by automated processes which will increase the uni- 
formity of fibers, matrix composition, fiber volume, lamina thicloiess, ply angles, and 
cure and postcure processes. 

2.6.3 ASSEMBLY PROCESSES — In the node-to-node structural path, there are two 
major joints in either the primary or secondary configurations. These are at the 
junctions of the struts and the junction fitting. The designs considered are based on a 
"zero slop" joint. This means that once joined, length tlirough the joint does not vary 
because of looseness in the joint. In the initial assembly, there is tolerance, however, 
and tMs contributes to misalignment. With the low loads involved, the joint can be 
made with a small pin in coordinated tooling holes. Joint tolerance can be made arbi- 
trarily small. If we include the drilling of the holes, after the correct length has been 
established as part of the joint tolerance, the result is a conservative + 250 |jl (+ 10 mils) 
tolerance for the primary joint and + SOp 2 mils) for the secondary. This is equi- 
valent to a standard de-viation of 118 m- (4.64 mils) for two joints in the primary strut, 
and 23.5JX (0.93 mils) in the secondary. These are equivalent to 1 ppm, and 2 ppm for 
the respective strut lengths. 

Joint tolerance, if minimized by good engineering practice, does not contribute signifi- 
cantly to misalignment of the assembled structure. 

2.6.4 MEASUREMENT OF LENGTH — Final assembly of die truss junctiou fittings 
can talce place in accurate jigs and fixtures. Trimming, spot facing, drilling, etc. at 
interface points, if accomplished using typical engineering practices will lead to negli- 
gible contribution to misalignment. 

The strut itself, because of its length contributes most to uncertainty in node-to-node 
distance. In Section 3.4, the sensor options are discussed. The present state-of-the- 
art is 0.5 ppm for optical ranging. This means that master tooling for trimming struts 
could be held to at least a few ppm if necessary by an active system. Conservatively, 
an allowance of 10 ppm is made. Actually a small bias error in the master tool for 
trimming the primary struts would not lead to misalignment of the total structure, but 
only to uniform growth or shrinlcage from the design point. This growth would have no 
measureable effect on system performance. 

If a single stable fixtui-e was used for trimming of all primary struts, and one of a 
number of fixtures was used for all secondai’y struts in a single hexagonal secondary 
structure panel there would be little if any measureable effect. Some adjustment 
would be required in joining the configuration B secondary panels to account for size 
vai'iation. 
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2. 7 CONTIGUEATION A AND B PASSIVE ALIGNMENT POTENTIAL 


la configu3:atioa A, the secondary structure is divided into 61 separate, hexagonal, 
3-dimensional, truss elements. In our model, 9 additional struts form tripods at 
three corners for attachment of the secondary element to the supports on the primary 
nodes. Conja.guration B has a continuous 3-dimensional truss secondary structure. 
Three struts are used at each interface location to connect back nodes of the second- 
ary to the support point on the primary, StructuraEy, there is little difference be- 
tween the configurations. But, because of the discontinuities in conSguration A 
secondary structure and the continuous nature of conSguration B, the two will respond 
differently to the disturbing conditions that influence flatness. 

An objective of this study has been to determine whether either configuration has an 
inherent advantage in providing a stable, flat, platform for support of the antenna 
array components. The study conclusion is that; 

1, On the basis of slope error, neither approach has a clearcut advantage. 

2. ConSguration A is the least complicated for simulation and analysis. 

In Task 2, deSections were computed for orbital thermal conditions. In this more 
detailed analysis, a 10 dB Slumination taper was used to establish a weighting function 
in the determinatioa of rms slope error. This equivalent Seld strength distribution 
weights the outer edge at only 1/3 the value of the antenna center. Since conSguration 
B tends to transfer distortions out to the edge, it showed a consistently lower rms 
slope error than conSguration A. 

ConSguration B is difficult to analyze because the secondary structure is a homogen- 
eous plate attached at 75 nodes of the primary. Since it carries bending stress it can 
cause distortion in the primary. The secondary structure was approximated by a 
28-term polynomial surface. It is equivalent to a continuous plate supported on stiff 
sprites at 75 primary nodes. It tends to smooth out primary distortions. 

2. 7. 1 MODELS OF THE SECONDARY STRUCTURE SURFACE - The secondary 
structure is supported on 75 interface nodes on the primary structure. The surfe.ce 
represented by 10.309 front surface nodes of the secondary stnxcture has different 
characteristics for configurations A and B. In particular, the continuous surface of 
configuration B responds differently than the separate flat hexagonal plates of coutigu- 
ration A when distortion exists in the primary structure (see Figure 2-52), 

The procedure of computing rms slope error resulting from primary structure deflec- 
tion was as follows: 

1. Use finite element analysis to determine the displacement of interface surfece 
nodes of the primary structure, 

2. Model the two secondary surfece configurations as functions of primary node 

displacements. t. 
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CONFIGURATION A 


W7 

0 



FUT PLATES 


ajx + b^y -r cjz 

- 1 

^2^ b2y ’+ C2^ 

11 


"»i;SSSS 


CONRGURATION B 



28 TERMS OF: 

p" cos m 0 & p" sin mff 


n^m m = n, n - 2, n - 4 , n = 0,1,2... 


T b^j^y + c^jZ = 1 + + + 327 p^ sin 6S 

183 COEFFICIENTS 28 COEFFICIENTS 

Figure 2-52. Surface models for configurations A and B. . 


3. Compute slope error over the two surfaces. 

4, Compute rms slope error for each configuration. 

To model configuration A, each hexagonal element of secondary structure is a flat 
plate. The three coefficients of each plane surface are computed from the three 
points supporting the surface. A total of 183 coefficients are required. The slope for 
small angles Is (a^ + b^) 4/(a2 + + e^)^. 

Configuration B has a continuous surface, A continuous fiinction with 75 coefficients 
can be defined that passes through all primary nodes exactly. As in any curve fitting 
operation, the resulting surface can be erratic between nodes. Use of less coefficients 
gives a smoother curve, with some compromise in the fit to the support nodes. In 
this analysis, 28 terms are used in the polynomial fit. In the cylindrical coordinates, 
all terms to p® and 60 are included. To find the coefficients, each set of 75 nodal 
deflections gives 75 equations in 28 unknowns. These are reduced to 28 equations for 
a "best fit" solution, and then the coefficients are determined. Once the coefficients 
are determined, the slope at any point can be computed. The rms slope over the 
entire surface is computed by nunierical integration, 

2.7,2 INHEEENT SLOPE ACCURACIES OF CONFIGURATIONS A AND B — A primary 
objective of Task 1 was to determine whether configuration A or B has an inherent 
advantage in minimizing slope error. There are other considerations such as ease of 
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assembly analysis, complexity of supports, etc. whicli are also important. Purely 
from a slope eiror standpoint, neiHier configaratioa demonstrates a conclusive 
advantage. 

The approach talien has been to compute the distortion of the secondary surface as a 
result of primary structure deflections, hi each case, the simulation was designed to 
answer some other question about the relationship of slope error to structural or en- 
vironmental factors but slope error was computed with the two alternative secondary 
surface models. 

There are 52 loading conditions considered of which 32 are orbital temperature con- 
ditions. In most of these cases the distortions are low order and the continuous sur- 
face of configuration B complies readily. It then gives a slightly higher slope error 
for the same primary distortions. Results are listed in Table 2-15. 

For 6 acceleration cases, configuration B gives slightly lower slope erx'ors and for 
the 12 random temperature cases, B is considerably lower. These loading conditions, 
particularly the random cases, result in an irregular higher order surface. The con- 
tinuous sui’face of B in the model tends to smooth the small irregularities and indicate 
lower slope error. 

While B shows an advantage, it does so by sharing primary structure loads. Practi- 
cally, if the B secondary surface is rigid enough to begin to smooth primary deflec- 
tions, it can also introduce deflections into the primary, and any advantage is 
probably lost. 


Table 2-15. Comparison of slope error for configurations A and B. 


NUMBER 
OF CASES 

LOADING CONDITION 

SIMUUTION 

RMS (B> 
RMS (A) 

3 

LINEAR ACCELERATIONS 

ENVIRONMENTAL & CONTROL 
FORCES 

0.9842 

3 

ROTATIONAL ACCELERATIONS 

ENVIRONMENTAL CONTROL 
MOMENTS 

0.9543 

6 

RANDOM TEMPERATURE 
DISTRIBUTIONS 

MANUFACTURING TOLERANCE 
RANDOM CTE x TEMPERATURE 

0.8930 

1 

GAUSSIAN lO-OB TEMPERATURE 
GRADIENT 

AVERAGE CTE EFFECT 

1.0205 

6 

RANDOM i lO-OB TAPER 
TEMPERATURE DISTRIBUTION 

random CTE i TEMPERATURE 
TAPER 

0.3253 

a3 

STEADY -STATE TEMPERATURES 

NONECLIPSE ORBITAL CONDITIONS 

1.0112 

9 

TRANSIENT TEMPERATURES 

ECLIPSE ORBITAL CONDITIONS 

l.OOtjS 

1 

UNIFORM TEMPERATURE 

RANDOM E X X-SECTION 

1.0142 

TOTAL 52 


AVERAGE 

0.^701 
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The conclusion is that B does not show a cleai’out advantage and A remains the least 
complicated approach for simulation and analysis. 

Configuration A secondary structure hexagonal elements deflect with primary support 
motion. There is no residual stress after the structure reaches equilibrium. Con- 
figuration B, however, exhibits both internal stress and deflections under deflection 
loadir® by the primary structure. Configuration B tends to have larger residual 
stx’ess levels toward the center of the antenna, and larger deflections toward the edge 
in response to primary structure deflections. The calculated rms slope error over 
the surface is reduced for configuration B if an illumination taper weighting function 
is used. 

lu Task 2, the orbital temperature cases were rerun using a 4-coefficient GTE. Dis- 
tortions were converted to slope error and a tapered weighting fimction was used to 
compute rms slope error. The 23 steady state temperatures gave a ratio of rms of 
the B configuratioa to rms of the A of 0,745 {comparable to 1.011 in Table 2-15). 

The 9 transient cases gave a ratio of 0.886 (compared to 1. 007 before). 

2,7,3 CONTOUR PLOTS — The difference in behavior of configurations A and B can 
be seen from the distortion contour plots and slope error plots. In the following 
figures distortion of the secondary surface, as the result of deflections in the primary, 
are illustrated. This sequence of contour plots is prepared for each loading condition 
as part of the postprocessing slope error computation. 

In the first plot, Figui'e 2-53, the edge of each hexagon flat element is not necessarily 
continuous with the adjacent segments. Each flat segment is supported on three pri- 
mary structure nodes. In each hexagon, tlie supporting nodes are at 2:00, 6:00, and 
10:00 o'clock. 

Figime 2-54 shows the equivalent contours for the continuous surface of configuratiou 

B. 

Figure 2-55 is the slope error for configuration A. Since the hexagonal elements are 
flat, primary deflections result in i. constant slope error over the individual surfeces. 
Contours all fall at the Intersections of the hexagonal elements. As a result, the 
slope error is just printed in each hexagon. A conversion factor of 0. 166 converts the 
slopes which are based on radian measure and imit structure radius to arc minute. 

Figure 2-56 is the equivalent slope error of the continuous surface. 
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Figure 2-53, Configuration A deflections simulated manufacturing tolerance. 
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Figure 2-54. Configuration B deflections simulated manufacturing tolerances. 
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Figure 2-56. CooaguraUou B slope error simulated 
mftuufaoturiug toloranoo. 
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TASK 2 

OPERATIONAL ENVIRONMENT (ORBITAL) 
EFFECTS AND FIGURE CONTROL 


Fox'oes aad tox*ques applied to tlie struotm'e as a result of attitude coatrol aud mlscal- 
laueous environmental disturbances have been computed along with their effect on sur- 
face flatness. The task flow for this analysis is presented in Figure 3-1. When com- 
pared to the potential solar collector thermal transients, all other environmental 
foi'oes and toi'ques have been found to be insignificant in regard to their adverse effects 
on antenna flatness. 

Thirly-two thermal cases have been prepared for an orbit wliich includes occultation. 
Equilibrium temperature distributions were px'epared for various sun angles befox'e and 
aftex’ shadowing, aud transient analysis was used to determine temperatures through 
the shadow period. These temperatui'es wex'e then used as loading conditions for the 
structural analysis program. 



Figure 3-1. Task 2 — study flow, 
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PASSIVE FIGURE CONTROL CONFIGURATIONS 


In an cases, the distortions and associated rms slope error are -within the original 
slope error budget. The most critical error source is manufacturing tolerance, 

ACTIVE FIGURE CONTROL CONFIGURATIONS 

The primary candidate is for initial alignment to correct for manufacturing tolerance. 
Reduction of distortion resulting from maneuvering accelerations can readily be ac- 
complished by increasing the depth of the structure or the elastic modulus of the 
material more effectively than by going to an active system. However, maneuvering 
distortions are small and well within budget. Fully active control would have applica- 
tion for correcting thermal distortion, but slope error resulting from thermal dis- 
tortion appears to be negligible. 

In the subarray panel size tradeoff it was concluded that, if a size change is made, it 
should be an increase. This results in reduction in oomplesily of the support structure 
and improvement in its accuracy. 

The following sections develop the details of the study analyses and results. 

3.1 OPERATIONAL ENVIRONMENT ANALYSIS 

In order to determine whether figure control is required at the iadi-vidual subairray 
level, it is necessary to define the disturbances acting on the antenna and evaluate their 
contributions to distortion. All of the usual space environmental effects such as gra-vity 
gradient and solar pressure will be present in addition to several rather unique configu- 
ration related disturbances. 

3. 1. 1 SOLAR COLLECTOR THERMAL TRANSIENT — The most severe disturbance 
will undoubtedly be the transient which arises fromthe thermal distortion of the solar 
collector as it moves from full shadow to Ml sun at the equinoxes. Since a detailed 
evaluation of solar collector thermal properties is beyond the scope of this study, some 
assumptions were made in order to establish a worst case. The basic assumption was 
that the solar collector mass per area will be sufficiently small that the thermal lag in 
the structure will be negligible compared to the solar collector oscillatory bending 
period. Time spent in the penumbra was also assumed negligible. Thus the net effect 
on the antenna was modeled as a step of acceleration applied at the hub. Although the 
step is somewhat unrealistic, it should pro-vide a good indication of the worst case 
disturbance. 

The solar collector configuration assumed was Configuration 76R from the 'Green 
Book. " This configuration is 28 km long and a depth of 563 m was selected. The front 
to back temperature differential was estimated to be 94, 4C (170F) and the temperature 
increase was estimated to be 220C (400F). A CTE of 9 fi/m/C (5 U in./in./F) was 
selected as representative for the solar collector support structure. 
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Tlio froot*'to~baok temperature diiferenoB will cause the collector to start to curve 
such that the tips (top and bottom) are accelerated away from the sun as indicated on 
the right side of the sketch in Figure 3-2. Using the estimated data gives the distor- 
tion distance of 147. 9 m (485. 2 ft) relative to the center of the collector. To obtain the 
tip travel in an inertial frame, the center of mass shift relative to the center of the 
collector must also be considered. This shift is 49,3 m (161.8 ft) so the motion of the 
tip is actually 98.6 m (323,5 ft). Estimates of collector bending period ax'e 15 minutes 
or longer. Sinusoidal motion of 98. 6 m with a 15 minute period gives a maximum 
acceleration of 0. 49 x I0**3g for the bending transient. 

The rise in temperature of 220C wdll cause the collector to lengthen by 27. 7 m (90. 9 ft) 
from center to tip as indicated on the left in F^ure 3-2, This longitudinal motion will 
oscillate with a period estimated at 7. 5 minutes and the maximum acceleration asso- 
ciated with the oscillator is 0, 55 x lO^Sg. 
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Figure 3-2. RMS slope error after occultation. 


3.1.2 POINTING AND TRACIONG TORQUES — If the SPS is in a perfect circular 
equatorial orbit, the only motion of the antenna required for perfect pointing at the 
earth-based rectenna is a smootli once-per-day rotation, Howe\fer, since the orbit will 
be perturbed by earth oblateuess, lunar and solar gravity, and solar pressure, the 
orbit wlU not be ideal and additional antenna motions will be required to maintain point- 
ing. These antenna motions were calculated in general tex'ms using small angle as- 
sumptions for inclination and eccentricity. In addition it was assumed that long term 
longitude drift was negligible over any one orbit. 
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The general expression for the pointing angles is given in Table 3-1 where AZ is azi- 
muth (east-west motion) and EL is elevation (north-south). Table 3-2 shows the worst 
case pointing motions for a recterma located along the western Canadian border (49. 0 
degrees North), The motion is indicated in the sketch where the beam axis must sweep 
out an elipse once per day. 

Table 3-1, Antenna pointing relative to orbit reference frame. 


POINTING 

ANGLE 

RECTENNA 

LOCATION 

ORBIT 

ECCENTRICITY 

ORBIT 

IWCUWATfON 

' ( E >W) 

^ X cos iff 

^ 2 cos e sin [w( t ’f T )] 

+ sin ip 1 sin uti 


r - cos 


- ( N -S ) 

_ sin^ { r - co$(jS ) 

* r sin e cos t + T )] 

- ( r cos -1 ) 1 cos<i>t 


(r-cos<;6)2 



<i> UTITUOE OF RECTEMMA 

X LONGITUDE DIFFERENCE BETWEEN RECTENNA & AVERAGE SPS POSITION 

e ORBITAL ECCENTRICITY 

w SPS ORBITAL ANGULAR FREQUENCY 

t TIME FROM ASCENDING NODE 

T TIME FROM ASCENDING NODE TO PERIGEE 

I INCLINATION OF ORBIT 

r EQUIVALENT CIRCULAR ORBIT RADIUS (IN EARTH RADII) 


Table 3-2. Worst case antenna pointing conditions. 

49 0EG e = 0.04 I = 7.3 DEG T = 0 


POSITION 

AZ (DEG) 

EL (DEG) 

ANGULAR RATE 

AZ (DEG/SEC) 
EL (DEG/SEC) 


= O.llOA, -h 1.43 sin wt 
= 7.26 * 1.01 cos oji 


(w a 7.29x10-5 RAO/SEC) 




= 1,04 X 10*^ cos wt 
= 7.36 X 10*5 sin wt 


C=C> 


RMS SLOPE ERROR 
<2 X 10-^ ARC MIN 


RMS SLOPE ERROR 
<5 X 10*7 ARC MIN 


ANGULAR ACCELERATION 

AZ (0EG/SEC2) 
EL (DEG/SEC2 ) 


-7.85 X 10*^ sin wt 
5,37 X 10-9 cos wt 


c=0 


RMS SLOPE ERROR 
<2 X 10*5 ARC MIN 



3-4 





3. 1. 3 MISCELLANEOUS FORCES AND TORQUES — Whea compared to tlie solar 
coUector thermal transient, aU other environmental forces and torques have been 
found to be insignificant insofar as they impact antenna flatness. These disturbances 
can be insignificant insofar as flatness is concerned and still be quite significant to the 
pointing control system. Table 3-3 lists these disturbances along with their contribu- 
tion to slope error. Forces are produced by centrifugal force as the off-axis antenna 
rotates once per day; by gravity gradient since the antenna is displaced far &om the 
center of mass of the total SPS; by solar pressure; and by rf and heat radiation. 
Torques arise from ristatli^ about other than a principal axis and from conventional 
gravity gradient. 


Table 3-3. Miscellaneous forces and torques. 


FORCES 


N 

LBF 



OFF AXIS ROTATION 

(Fy) 

1.3 

0,3 

/ 




(Fz) 

10.0 

2,3 

r 



GRAVITY GRADIENT 

(Fy) 

582,1 

130.9 

Y 

SOUR 

APPAV 


(Fz) 

43,8 

9.9 


Mr\lVA T 

SOLAR PRESSURE 

(Fz3 

90,0 

20,2 


RMS 






SLOPE ERROR 

RF St HEAT RADIATION 

(Fz) 

23,0 

5,2 

(ARC MIN) 

TOTAL 

tFy) 

583,4 

131,2 

rxO 0,006 

TOTAL 

(Fz) 

166,8 

37,5 

cx[> 0.004 

TORQUES 


N "M 

LBF-FT 




DYNAMIC UNBAUNCE 

(Tx) 

26i.7 

192,8 




GRAVITY GRADIENT 

(Tx) 

784,9 

587,3 




TOTAL 

CTx) 

1046,6 

771,1 

cn> o.oox 


TOTAL RMS SLOPE ERROR 0,01 


3.2 THERMAL analysis 

The thermal model and the temperature predictions for the large mi crowave power 
antenna primary stiructure are presented. The boundary conditions used in tlie analysis 
including the orbit characteristics and the antenna operating conditions {radiated power 
distribution and waste heat assumptions) are also discussed. 

Transient temperature predictions were obtained for the 660 element primary structure 
at 31 time points in the orbit. The predictions are based on cylindrical strut type 
structural elements of bare graphite/eposy material with a solar absoi'ptance (o!g) and 
thermal emittance (€) of 0.91 and 0.81 respectively. The resultant orbital tempera- 
ture distributions and corresponding thermal distortion calculations show a maximum 
slope error of about 0.19 arc-minutes at the end of the earth's shadow (a nonoperating 
condition). During the illuminated (operating) portions of the orbit, the maximum slope 
error is about 0.11 arc-minutes. 
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3.2.1 ORBIT AND ORIENTATION — Antenna thermal gradients, temperature levels, 
and associated antenna thermal distortions are influenced by the antenna's orientation 
with respect to the sun and the earth albedo and earth thermal heating. For this large 
1 km microwave power antenna, a geosynchronous orbit (altitude al9,325 nmi, orbit 
period a24 hours) is specified. The antenna/solar array system orientation is such 
that the solar array is normal to the solar flux (maximum power generation) whereas 
the antenna is essentially pointing at the center of the earth (depending on receiver 
antenna location). For the present thermal analysis, an angle of zero degrees between 
the earth-sun vector and the orbit plane is employed as shown in Figure 3-3. This case 
yields maximum solar heating at the subsolar position and thus highest temperatures 
for the subarray radiator panels. It also yields the maximum earth eclipse time of 
about 1.16 hours. For the present analysis, a +X flight direction is as^imed as shown. 
No attempt was made to optimize orientation for minimum distortion. 


ORBIT ALTITUDE; 19325 NMI 

ORBIT PERIOD: *24 0 HR 

MAXIMUM EARTH dCLIPSE TIME: *1.16 HR 


TIME 

13.0 




IV 




OV' 



TIME 0.0/24.0 
(SUBSOLAR POSITION) 



TIME 

6.0 


Figure 3-3. Orbit characteristics for thermal analysis. 


3.2.2 ANTENNA OPERATING CONDITIONS — The subarrays attached to the antenna 
structure include an rf radiating surface, equipment for convertir^ dc to rf power, and 
a radiator surface for disposal of waste heat. The radiators face the antenna backup 
structure and have a major Influence on antenna structure temperatures. 


The antenna radiated power distribution shown in Figure 3-4, and used in the present 
analysis, employs a 10-step 10-dB Gaussian taper (Reference 1, Figure I\'..\.2-10). 
The total of 6.5 x 10^ watts net radiated power for the 500 meter radius antenna ex- 
cludes the power radiated but lost (not directed towards receiving antenna) due to 
mechanical misalignment. 
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22,Qr 


6,5 X 10^ WATTS RADIATED POWER 
POR 300 m RADIUS ANTENNA . 

ORIGINAL PAGE lb 
OF POOR QUALITY 


I I I I I I I I I I 

'0 0,1 0.2 0.3 0.4 0.5 0,6 0,7 0.8 0.9 1.0 
NORMALIZED ANTENNA RADIUS r/R 

Figure 3-4. Antenna radiated power distribution. 

The overall antenna efficiency and the individual component efficiencies shown in 
Figure 3-5 are based on the data of Reference 1, Figure IV. A, 2-6. The typical waste 
heat calculation shown in Figure 3-5 for the center of the antenna (r/R ^ 0.15) shows 
an input of 25,500 w/m^ required to yield the output radiated power density of 20,880 
w/m^ shown in the previous figure. The total waste heat (4194 w/m^ shown for the 
antenna center) must be rejected from the subarrays. An even split of heat rejection 
between the rf and radiator sides of the subarrays would yield low thermal gradients 
across the subarrays and relatively low radiator temperatures. The rf/waveguide side 
of the array acts as a thermal shield, however, and the majority of the heat wiU be 
rejected by the radiator. The 90 - 10% split (suggested in Reference 1) and shown in 
Figure 3-5 is used in the present analysis. 

Waste heat calculations at each step in the power distribution curve were used to obtain 
the radiator temperature distribution shown in Figure 3-6, Radiator surface thermal 
properties oig and 6 of 0.08 and 0.81 respectively are employed. 

At the center of the antenna, the v/aste heat rejection is highest, and the addition of 
solar heating has very little effect on temperature. Towards the edge, solar heating is 
a higher percentage of the total, .vid daily temperature excursions (during illuminated 
portions of the orbit) are somewhat greater. 


Reference 1. 'Tnitial Technical Environmental Economic Evaluation of Space Solar 
Power Concepts, '* Vol. n, Aug. 31, 1976, Lyndon B. Johnson Space 
Center, Houston, Texas. 
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TYPICAL WASTE HEAT CALCULATION 


50Q M RADIUS ANTENNA 
7.94 X lO^W INPUT 

i 


ANTENNA 


6.5 X 10% OUTPUT 


0.82-+1.44 X 10% 
1 LOSSES 


r/R < 0.15 

25500 W/Wl2 INPUT 

. i 

TRANSMIT ANT. 
PWR DIST. 

0.98 ■ 

24990 W/W|2 
1 

I 

DC-RF 

CONVERSION 

0.87 ■ 

21741 W/m2 

i 

WAVEGUIDE 
|2r loss 

0.98 

I , 

21306 W/m2 


i 


MECHANICAL 

MISALIGNMENT 

0.98 


■510 W/Wl' 


-3249 W/M' 


-435 W/M' 


3775 W/M*^ 
REJECTED FROM 
RADIATOR 
/SURFACE 
^ 0 % 

} 4194 W/M 2 

\ 

10 % 

\ 

419 W/M^ 
REJECTED FROM 
RF SURFACE 


AOfswmZ /POWER RADIATED BUT 
-426W/W1 ^ mot RECEIVED BY 

[rectenna 


20880 WA1 OUTPUT 


Figure 3-5. Aatenna efficiency and waste heat assumptions. 



R = 500 m 


MAXIMUM (WASTE HEAT 
PLUS MAX. SOLAR) 


PRIOR TO EARTH 

SHADOW (WASTE HEAT 
ONLY) 


MINIMUM (END OF EARTH 

SHADOW) 


Figure 3-6. Badlator temperature distribution boundary conditions for thermal analysis. 
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As tlie autsuua/solai' array system eaters the earth’s shadow, power output from the 
solar' array ceases, and all temper'atxmes decrease i*apldly. Por the present analysis, 
a r'adlator tliermol inertia is used which yields a minimum temperature of about 1S5K 
(-217F) after 1,16 hours in the earth’s shadow. 

The antenna backup structure temper'atura distribution is greatly influenced by the 
antenna power and waste heat distribution and thus the results discussed in the follow- 
ing sections are not necessarily applicable to other power distribution configurations. 

S.2,S THERaiAL DESIGN — Due to the low thermal expansion ooeffioient of the 
graphite/eposy composites used for the antenna backup structure, relatively wide 
temperature excursions and gradients can be tolerated and tlie required rf performance 
obtained through the use of passive thermal control methods. For the present analysis, 
typical surface thermal properties of the bare composite material (cts = 0.91, €=0. 81) 
are employed. This method yields the simplest and lowest weight system. 

8.2,4 THERhL4L ANALYTICAL MODEL — To provide temperature predictions for 
distortion analyses, orbital teiuperatitre distributions are obtained. Eash of the 660 
elements of tlie primary structure is represented by a cylindrical tube. The depth of 
the primary structure and its relationship to the subarray radiator surface Is shown in 
ligure S-7, For each element, an average tdew factor is obtained to each of the 10 
a;mular areas of the subarray surface representing the steps in the power distribution 
curve. These view factors are used for determining heat input to the structural ele- 
ments via the reflections of solar energy and the thermal radiation from the subarray 
radiator surfaces. The tliermal nodal schematics for the symmetrical face, diagonal 
members, and assymetrical face of die antenna primary structure are presented in 
Figui'es 3-S through 3-10 respectively. These figures also show tlie 500 m radius out- 
line of the subarrays. Due to the long length of the structural elements, heat transfer 
via conduction between elements via joints at the intersections Is neglected. 



Figure 3-7. Antemia geometry for thermal analysis. 


A specialized computer program is employed to determine the direct solar heating rates 
on the tubular elements throughout the orbit based on the nominal solar constant of 
1353 w/m^ (429 btu/hr-ft^). For the present configuration and altitude, earth albedo 
and earth thernuil heating rates have very little effect on temperatmres and are neglect- 
ed. The computer program Includes the necessary logic to account for shadowing of 
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Figui'e 3-11. Incident solar heating rate and temperature 
prediction for strut 552. 


of subarrays. Partial sliadowing by the subarray assembly occui’s between time 15.5 
and 17,3 hours in the orbit but complete shadowing (by the subarray assembly) occurs 
for only a short period as shown. 

Temperature predictions w?ere developed for each element of the thei’mal model, and 
the resulting temperature distributions at 31 time points in the orbit as shown in Table 
3~i, were employed in determining predicted orbital thermal distortion, 

3.2.5 RESULTS 

3. 2. 5. 1 Orbital Thermal Distortion — The orbital thermal distortion results in terms 
of arc-minutes rms slope error are listed in Table 3—1 and plotted in Figure 3-13. The 
maximum slope error of 0. 19 arc-minutes rms occurs at the end of the earth's slradow 
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Figure 3-10. Primary structure thermal model (asymmetrical fece). 

solar energy fay the opaque 500 m radius sufaarray antenna surface. Shadowing by other 
tubular elements was neglected, since the distance between struts to strut diameter 
ratio is large and resulting shadows are not well defined (penumbra effects). Logic to 
account for shadowing of solar energy by a parent vehicle, the solar arrays, and asso- 
ciated equipment is also available but was not employed during the present study. The 
indirect solar heating rates as a result of reflections from the radiator surface when 
it is illuminated by the sun are based on diffuse reflections using the view fcctors 
mentioned above. These solar heating rates (direct and reflected) and the effects of 
thermal heating from radiator waste heat rejection are employed to obtain temperatures 
for each strut throughout the daily orbit cycle. 

The heating rates and the resulting transient temperature predictions obtained for two 
elements (struts 552 and 254) are shown in Figures 3-11 and 3-12 as examples. Strut 
552 (Figure 3-11) is located near the center of the asym metrical face. At the sufasolar 
position (0. 0/24. 0 hours) this strut is normal to the solar vector, has the highest view 
factor to the subarray radiators, the highest reflected heating rate, and thus the high- 
est temperature (481K (406F)). Between about t,0 and 18,0 hours, strut 552 is com- 
pletely shadowed by the subarray surfe.ce and its temperature remains constant except 
for the lai^e decrease during the earth's shadow period (11.42 to 12.58 hours) as 
shown. Strut 254 (Figure 3-12) is a diagonal element near the -X edge of the antenna 
(refer to Figure 3-9). It has the lowest temperature (289K (60F)) at the sufasolar 
position due to its relatively remote position from tbs edge of the 500 m radius assembly 
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Figure 3-11, tuotdoul: soUu' heating; nue and temperature 
prodlotlon far atrat 5S2. 


of subarrtij's. I^irtlal shadowing by the aubax*ri\j? assemblj? oeours between time 15,5 
and 17, S hours in the orbit but oomplete shadowing (by the subarrtij' asaembbv) oooura 
for only a short t^erlod as shown. 

Tenn>eraturo predletlons were dexfGloiJad for each element of the thermal model, and 
tlm rosultlug temperature distributions at 31 time points In the orbit as shown In Table 
3-4, were employed In determining predicted orbltJil thernvU distortion. 


3.2,5 UKvSULTS 


3, 2, 6.1 Orbital Thermal IHsiortion ~ The orbital thormal distortion results In terms 
of are-minutes rnta slope error aro listed In Table 3-4 and plotted In Figure 3-13, 'Phe 
tujuclmum slope error of 0. ID arc-miuutes rms ooota's at the cud of the earth's shadow 
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Figure 3-12. Incident solar heating rate and temperature 
prediction for strut 254. 


where the antenna is not operating (no power output from the solar arrays) and the pri- 
mary structure temperatures are low. During operational (illuminated) portions of the 
orhit, the maximum slope error of 0. 11 arc-minutes rms occurs at the subsolar point 
where primary structure tempei'atures are highest. 

Figure. 8-14 shows the average temperature of the 660 primary structural members 
and Figure 3-15 shows the difference in temperature between the average of the 100 
highest temperatures and the 100 lowest temperatures (an indication of tlie temperature 
gradient) during the orbit cycle. Except for the time during the earth’s shadow, the 
tempuirtture gradient parameter is relatively constant (125K to 160K). The decrease 
in slope error between 0, 0 and about 7. 0 hours in the orbit shown in Figure 3-13 cor- 
relates well with the decrease in the overall average temperature of the 660 primary 
members of Figure 3-14. Between about 7.0 and 11.42 hour's (just pi'ior to the earth’s 
shadow) botli slope error and average temperature remaia relatively constant. Immed- 
iately after entering the earth’s shadow, the slope aimor initially increases slowly as 
the average temperature passes through the reference temperatures assumed (294K(70F)). 
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Fi^re 3-13. Primary structure orbital 
thermal distortion. 
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Figure 3-14. Average temperature of 660 primary 
structure elements. 
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Figure 3-15* Primary structure temperature gradient parameter 
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TaJale 3-4, Orbital thex’mal distortion 
analysis oases. 


CASE 

NO. 

ORBIT 

TlMEtHW 

REMARKS 

SLOPE ERROR 
<ARC-MIN) 

1 

0,0/24.0 

SUBSOLAR POSmON 

0,103 

a 

i,0 


0.099 

3 

2.0 


0.09A 

4 

3,0 


0.088 

S 

4.0 


0.060 

b 

5.0 


0.070 

7 

6.0 


0.061 

8 

7.0 


0.035 

9 

8.0 


0,032 

10 

9.0 


0,031 

u 

10,0 


0.032 

IZ 

11.0 


0.033 

13 

11.42 

START OF EARTH SHADOW 

0.033 

14 

11,6 

EARTH SHADOW 

0.038 

IS 

12.0 

fl tt 

0.122 

16 

12,3 

n » 

0.162 

17 

12.58 

END OF EARTH SHADOW 

0.188 

la 

12.62 


0.156 

19 

12.7 


0.045 

20 

12.8 


0.033 

21 

13.0 


0,034 

22 

14.0 


0.036 

23 

15.0 


0,036 

24 

16.0 


0.037 

25 

17.0 


0.040 

26 

18.0 


0.Q61 

27 

19,0 


0,074 

28 

20.0 


1,086 

29 

21.0 


0.095 

30 

22,0 


0.101 

31 

23.0 


0.103 


As temperatures continue to decrease 
(further removed from the reference 
temperature), slope error increases 
more rapidly and reaches a maximum 
whan temperatures are lowest. Whan 
the antenna emerges from the earth’s 
shadow, slope error decreases as the 
antenna structure warms up to oper- 
ating temperature. In sximmary, it 
appears that the slope error is a' 
function of the difference between the 
average temperatime of the primary 
structure and the reference tempera- 
ture for the present configuration. 

The temperature distribution obtained 
at the subsolar position (highest oper- 
ational slope error) is presented for 
the symmetrical face, diagonal mem- 
bers, and asymmetrical face in 
Figures 3-16 through 3-lS respectively. 
Maximvim temperatures (481K (406F)) 
occur at the center of the asymmetrical 
face which is closest to the radiator 



. Primary structure symmetrical face temperature distribution. 
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Figure 3-16, 



GEOSYNCHRONOUS EQUATORIAL- 
ORBIT, SUBSOUR POSITION 



Figure 3 -I 7 . Primary struoture diagonal members temperature distribution. 



Figure 3-18. Primary struoture asymmetrical face temperature distributiou. 
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surface. The diagonal members at the six corners of the hexagonal shape experience 
the lowest temperatures (289K (6 OF)), The maximum and minimum temperatures of 
the three sections of the primary structure at the subsolar position are summarized 
below. 


Subsolar Position 
Symmetrical Face Members 
Diagonal Members 
Asymmetrical Face Members 


Maximum Minimum 
Temperature Temperature 

445K (341F) S28K (130F) 

445K (S41F) 289K (60F) 


481K (406F) 312K (102F) 


3.2. 5. 2 Cylindrical Element Temperature Distribution ^ The slope error prediction 
discussed in the previous section is based on strut average temperature displacement 
from the reference temperature and resulting changes in strut length. The cylindi'ical 
strut elements actually have a rather severe local circumferential temperature grad- 
ient. A detailed thermal model was developed for a typical 7. 62 cm (3. 0 inch) dia- 
meter, 0,0508 cm (0.020 inch) thick wall isotropic composite tube near the center of 
the asymmetrical feoe (hottest location) of the primary backup structure. The multi- 
node model includes the internal radiant heat transfer, circumferential conduction heat 
transfer, and external radiant heat exchange with the subarray radiator surface and 
deep space. 


Figure 3-19 shows a sketch of the model, the surfe.ce thermal properties employed, 
the sun vector orientations examined, and the results. In Case I, the average tempera- 
ture is highest but the thermal gradient (between locations A and B) is lowest (47K (85F)) 
since the tube is heated from both sides (radiator and reflected solar heating on side A 
and direct solar heating on side B). For Case n the solar heating is 90 degrees to the 
heating from the radiator and the temperature distribution is not symmetrical. The 
thermal gradient for this case is about 57K (103F). Although the average temperature 
is lowest for Case m, the thermal gradient is maximum (63K (113F)) since aH heating 
is on the radiator side of the tube. 


Although the maximum average strut temperature is about 480K (404F) as shown for 
Case I of Figure 3-19, the side of the strut facir^ the radiator actually experiences a 
peak temperature of about 505K (449F), Current graphite/eposy materials have long 
term maximum operating temperatures of about 394K (250F) and would not tolerate the 
high temperatures experienced by primary structural members towards the center of 
the antenna. The polyimide resins can tolerate higher temperatures but further develop- 
ment and testing is required to characterize properties over the wide temperature range. 

3. 2. 5. 3 Radiator Configuration Effects — The primary structural element tempei-ature 
predictions of Section 3. 2, 5,1 are based on a radiator surface with c£g and € values of 
0. 08 and 0. 81 respectively (typical of efficient radiator surface properties such as 
silvered teflon). This type of surface reflects solar energy primarily in a specular 
manner, but a diffuse analysis was assumed. Figures 3-20 and 3-21 show the effect of 
radiator surface properties on the temperature of struts 552 and 254 respectively at the 
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Figure 3-19. Cylindrical strut element cii'cumfereutial tempex^ature disti'ibution. 

STRUT 552 (2031-2040) AT SUBSOLAR POSITIOM 
BARE GRAPHITE composite! ct^ = 0,91 
CYLINDRICAL ELEMENT j e = O.Sl 
VIEW FACTOR TO SPACE = O.Sl 
VIEW FACTOR TO RADIATOR = 0.49 
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Figure 3-20. Effect of radiator configuration on strut element 552 at subsolar position. 
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STRUT 254 t*006-200S) AT SUBSOUR POSITION 
BARE GRAPHITE COMPOSITeI = 0.91 
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Flgitrs 3-21. Effect of x'acUator coafiguratioa oa strut 
elexnent 254 at subsolar positlou. 


subarray position. A less efficient coating with an cig of 0. 40 and 6 of 0. 90 (typical of 
degraded white paint) which reflects solar energy primarily in a diffuse manner was 
also examined. 


For tixe diffusely reflecting radiator surface case, the loss efficient coating yielded 
sti'ut temporatui*a decreases of 1. OK (l.SF) or less. Although the effective radiator 
temperature (function of radiator array temperature distribution and xdew factor be- 
tween strut and radiator) is Mgher for the less efaoient radiator ooatog, reflected 
solar heating is less and the result is slightly lower strut temperatures as shown, 

A oorapai'ison between the diffuse and specular oases shows lower strut teuxpei'atures 
for the latter. Strut 254, for example, which is at some distance from the edge of the 
subarray assembly, receives no reflected heating at the subsolar position for the 
specular case as indicated in Figure 3-21. At otlier oi'ieutations, however, stint 254 
would receive more reflected energj' for the specular case and somewhat Mgher temp- 
eratures would be experienced. 

In general, the radiator configuration effects examined yield strut temperatures which 
are lower by onlj^ about 121^ (22F) compai-ad to the nominal case employed in tlie dis- 
tortion analj'sis. It Is belioTOd that tliese temperature changes wnuld hai’c onl5f a minor 
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QflSaot on ovQojall autsima tUermaJ. distoi'ttou* To ovoluato racUatox' QoaQguratlou 
effects, tompovatux's aud (iistox'tioa oalo\,iiatiox\s fox' fiie oomplete ox’bit Avoviltl bo 
i'eq«ix’otJ» 

8,S,S*4 Tempax'atur© Predlotioa Ex'x’ox' Tempex'atiu'o px'ocliotious px'osouted ia 
Sootioa 8*2, G*1 ox’o based on a nominal solax' constant ax\d nominal stXMt suxTaoe therm- 
al px'opax'ties as indloated at the top of Pigt,u'e 8-23* The estimated oxwox' in dm solax' 
oonstant, die annaol vax'lation, and the estimated variation in sxxrfaoo tliex'mol px'opex'tio 
is shown io. tlio lowox' pox'tion of the fitguro togethex' with their effeot on ttie tompex'atax'e 
of both stxmts 663 and 264 at the subsolax' position. The ©ffeot of x'ax'iation hi solax' con- 
stant on x'adiatox* snx'faoe tempox'ature and x'eflooted heating x'ate is inolndod in die oal- 
onlations* The sammatlon of the dTs at the bottom of Pigux’o 3-22 shows a prediotion 
oxwox' of about + lOK (+ 1S3?) ox' loss fox' die two stx'uts examined, 

3,3, 5. 5 DC-Rl? ComfQX'sioa Effloionoj^ — As shown in Eigux'e 3-6, a nominal do-x'f 
aouvQi'siou efBoienQs* of 0,37 is employed in waste heat and x'adiatox' temparatiu'o cal- 
oalations* The oompaxison of results for a ohanga in effioienoy from 0, S7 to 0, S6 
(resulting In more waste heat and Mghei' radiator temperature) is presented ia Elgxir© 
S-28, 3?or stinit 362 at tli© oenter of dm antenna, the view factor to the arraj? of x'adia- 
tors is high (0, 49) and a strut tempex’ature hiorease of +4, H\ (+7, 4F) is obtained. 


NOMINAL CASE 

STRUT #ssa 

STRUT #254 

Qg s 1353 WA12 
of^ = 0^91 


T = 289.3Ki60.8R 

« = 0.31 



VARIABLE 

SOUR CONSTANT ERRORS 



Qg = 1353 

,T _ +1.9KC+3.4F) 
“*l,9Kt-3.4n 

JT = +l.lKt+2,0F) 
JT = -1. IK (-2. OR 

ANNUAL VARIATION* 



Qg = 1353 

ESTIMATED VARIATION IN 

-4.0K{-7.2F) 

4T = •(•a.4Kt+4.4R 
4T =: -2.3K i-4,3R 

a = 0 91 

"s -o.oa 

_ +1.0K(-M.SF) 
~ -1.0R(-1,SF> 

4T = +l,4Ki'+-2.SF) 
dT = -1.4K(-2.5R 

ESTIMATED VARIATION IN « 



<■ • D SI '*^**^^ 

- O.Sl Q5 

™ +3. OK (+5.3F) 

-2.7Ki-4.9R 

dT = +4.0Kt+7.2F) 
dT * -3.?Kt'6.7R 


v-.T-'*‘7.7Ki+lS.0F) 

(+16.1F) 
” -S.SK(-15,SF) 


* NASA SP-8005(MAY 1971) 

EFFECT OF VARIATION IN SOUR CONSTANT ON SUBARRAY/RADIATOR TEMPERATURE IS INCLUDED 


Figure 8-22, Temperature pvediotion error sonrcas and effects. 
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SfcsJttt Q8‘i at tlio auteiiua Q^go has a low radiatoi' view faotov (0» 05) aud its tomperature 
iJioi'Qasos b5V oiily +0* 6K (•5‘0*91?) oompaved to th© aoniiaal oaso, Tha not vasalt is that 
foi* a door ease in do«rf ooavarsion e££tolouoy» both the average temperatm'e of the 
primary struoturo aud the tomporatm'o gradioat (betweea canter aad edge) iaoroases 
aud au iuorease lu auteima distortion is imtloipated. 


CHAN66 OF EFFIClEtJCV FROM 0.S7 TO 0,S6 
SUBSOLAR POSITION 


VIEW FACTOR 
TO SPACE 


VIEW FACTOR 
TO RADIATOR 


EFFECTIVE 

RADIATOR 

TEMPERATURE 


STRUT 

TEMPERATURE 


AT= + 4.1K(+’?.4F> at =+0.5K(+0.9F) 


STRUT 552 STRUT 254 

(CTR OF ANTENNA) )£DGE OF ANTENNAJ 




Tlgttro 8-28, Effect of do-rf oouversiou elSoleuoy on 
primiu'y structure temperature. 
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Slope acbui’aoy atid poiu^ were estalilished early in the study 

to provide guidance iu seleotlon of materials aud loading conditions, and development 
of control concepts. The design gbtii for slope acouracy is 2 arc min rms. This is 
apppiiipned to manufa^i^ and maneuvering error sources* The design 

gpaiior libs priming aonaracy is 2 arc min maximum (S v). This is apportioned to 
thermal distortion, maneuvering distortion, and the control system accuracy, Manu- 
factiifiug telerauce d not coutribute to pointing accuracy because it is a static mis- 
a^gumehi vvlucliis correotable by biaS: pointi^ 

A budget establishes guidelines, however, the overall goal can be met even if all 
individual budgeted goals are not met. If necessary,, the budget cau be revised when 
critioal error sourbes are discover ed, 

hfauufaoturing tolerance is the most critical source in the generation of rms slope 
error, Por material properties of GT-70/S-S0, thermal distortion contribution to 
rms slope error is small, as is distortion resulting from environmental and control 
system dlsturbanoes. 

The attitude control system pointing accuracy is the largest factor in LOS accuraoy. 
Por the thermal properties of GY-70/X-S0, thermal pointing error is small, Aotually, 
the control loop can be closed around the thermal distortion, so that relatively large 
thermal pointing errors oould be offset by suitable pointing correotion. 

S. S, 1 EM5 SLOPE ACCURACY BUDGET -- The initial slope acouracy budget was 


as follows; 

Arc 

Min 

Percent Effioioncy (Loss) 

Required Slope Accuracy 


3 

98.0 (2.0) 

RMS Slope Equivalent 


3 

9S.0 (2.0 

RMS Slope Design Goal 


2 

99.0 (1.0) 

Manufacturing Tolerance 

1.5 


99,5 (0.5) 

Maneuvering AccelerationB 

1.1 


99.7 (0,3) 

Thermal Distortions 

0.7 


99-8 (0.2) 


In Seotiqn 2iS, an rms slope aocuracj' of S arc min was shown to ha equivalent in 
energy transmission efficxenoy to an anteima having all array elements at 3 arc min 
slope error. The rms slope acGuraoy implies a distribution with some panels having 
gmeater than 8 arc min slope error, and the majorit5r haxdng less. In either case, the 
efffcienoy equivalent is 9S percent. The rms slope design goal is 2 arc min slope 
error, which is equivalent to 99 percent efficiency. 
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TJie luanufaotui'iug tqlernnco, wllili lessor goals sot ibr ratmeu- 

texiTog aud tliormtil di.stortiou effeols. 

.&taaxifci.otuxipg RMS Slope Error Budget 


A pxolim^axy xms slope oxxor Ibudgot of 1, 5 axo imix was assigned fox combinod 
ntanidaotiixing asse Ifxxim simnlatiDn and analysis we liave determined the 

sensltisdty of xms slope error to tlie standard deviation in oritieal stmctixral 
dimensions., 


No» 

Oiltloal Dimension 

EMS Slope Error Sensitivity 

1 

uode-to-node assembled primary 
strut length 

0. 9SS aro min/om (cr) 
2. S70 aro min/in. (cr) 

2 

primary front surface node to 
secondary interface 

0. 528 aro min/om (a-) 

1. S41 arc min/in. ( cr) 

S 

secondary rear surface node to 
primary interfaae 

0. 638 arc min/om (o’) 

1. S'Jl arc min/in. (cr) 

4 

uode-to-node assembled secondary 
strut length 

21,16 arc min/om (cr) 
53,75 aro min/in. (cr) 

5 

sooondary front surfaoe node to 
subarray interface 

6,40 arc min/om (or) 
16.26 arc min/in. (u) 

The error budget for oaoh of these dimensions 

is as follows; 

No. 

Standard Deviation 
foml (In.) 

EMS Slope Error 
(arc min) 

1 

Q.GS4 0.2G9 

0.6SS 

2 

Q.IQO 0,089 

0.058 

S 

0.050 0.020 

0.026 

4 

0.06S 0.025 

1.323 

5 

0.050 0.020 

0.320 


RSS Total Error 1.504 


Items 1 and 4 are the overall primary and saGondary stractnral tolei'ance respectively, 
Approjdmateljf double die em'or aHowanoe was made for the secondaiy structure be- 
oaitso preliminary analjfsis showed a greater rms slope error sensitixdty to dimen- 
sional error in the struoture. TMs is primarily because the secondary structure has 
a larger diameter to depth ratio tlian the primaiy. With more baj's in a diagonal, 
slope error toward the outer edge reaches higher magnitude. A square law relation- 
ship oould be expected and the ratio of 14 to 10 bays would give a 2 to 1 slops error 
ratio for the same peroentage variation in uode-to-node length. 

S-2S 


ifUsmmLM' 







N UMBER OF OCCURRENCES 


A typical ^stribution of slope error as a xesidt of mapufactardrig tolerEince for Con 
figuration A is shown 3-2i. A frequency, distribution is shown in Figure 

3-25. ‘ 


BMhwMMBW 




Figure 3-2^. Typical manufacturing slope error distribution. 


0.5 1.0 1.5 2,0 2,5 3,0 3.5 4.0 4.5 5.0 5.5 6.0 

SLOPE ERROR (ARC MIN) 

Figure 3-25, Frequency distribution of 
manufacturing slope error. 








The agreement of the distribution of 61 slope errors grouped in 0,5 arc min steps is 
very good compared to the theoretical Rayle^h distribution predicted in Section 2. 3, 
These experimental results confirm the assumptions made early in the study. 

Maneuvering Accelerations Slope Error Budget 

These slope errors are computed after the prima:;^ structure has been pointed 
correctly at the rectenna. They represent residual slope errors sifter a rigid body 
fit of the planar surface to the distorted primary surface. 

The original budget for maneuvering slope error was 1.1 arc min rms. During the 
study, it was found that actual slope error as the result of forces aud moments on the 
structures are very small. This 1. 1 are min allowance was allocated almost entirely 
to transient disturbances after shadowing. One arc min rms slope error was estimated 
for this disturbance. tJncorrelated minor disturbances of the environment and from 
attitude control corrections were budgeted at 0.5 arc min, however, none of these 
exceeded 0.1 arc min. 

The first simulations of acceleration distortions showed that the secondary structure 
is more susceptible to deflection resulting from accelerations than is the primary. 

This results from the way each is supported; primary at three central points, and 
secondary elements at corners of the hexagonal structures, and because the secondary 
has a larger diameter to depth ratio, and finally because the secondary carries a 
larger proportional nonstructural mass. In the most critical direction (acceleration 
along the LOS), the rms slope error contribution of the primary is 0.6 arc min, while 
the secondary contributes 1. 7 arc min rms for Configuration A, for an acceleration 
of l0"3g. 

The allocation for primary maneuvering slope error is 0. 4 arc min rms, and for the 
secondary 0. 9 arc min. The assumption of noncorrelation between primary and 
secondary contributions seems valid because of the differences in mounting. The 
errors tend to cancel so an RSS combination is realistic. 

Thermal Distortion RMS Slope Error Budget 

The budget for all operational thermal distortions is 0.7 arc min rms slope error. 

This includes all primary and secondary structural contributions that are not corrected 
by the attitude control. The error sources are; temperature variation, variation in 
CTE and also variation in E and cross-sectional areas of truss elements. 

Thermal distortion of the secondary again is the more critical. The generalized 
slope error for lOOC (180E) temperature rise and lOOC (180E) additional taper across 
the aperture indicated a slope error of 0.12 and 0.29 arc min rms for the primary 
and secondary contributions respectively. These are uncorrelated, so the budget was 
established in that ratio: 0.3 arc min rms slope error for the primary, and 0.6 for 
the secondary. 
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3. 3.2 LOS POINTING ACCURACY — Pointing accuracy is entirely a function of the 
distortion in the primary structure. If the primary structure interface is normal to 
the LOS, and represents a close approximation to a plane surface, then random and 
even systematic tilt of the secondary surfaces, and subarrays will not result in 
significant LOS pointing error. 

There are two basic possibilities in the method of pointing. In the first, the control 
system points the primary structure central hub along the line of sight. In this case, 
pointing accuracy is a function of control system accuracy and structural pointing 
accuracy. In the second case, the control system points the beam as it is generated 
by the structure along the LOS. Pointing accuracy is only a function of the control 
system. Since subarrays will be phased individually by electronic means, the infor- 
mation required for control system error input is just the linear phase shift compon- 
ents of the phase correction being made over the aperture. The control system would 
continually drive the antenna to minimize the total angular phase shift required for 
electronic pointing. 

One problem, however, is that dynamic pointing errors resulting from transient dis- 
turbances are apt to be at Mgher frequency than the equivalent response of the control 
system. 

The design goal of 2 arc minute maximum mechanical LOS pointing error has been ap- 
portioned: 0.0 for manufacturing contribution, 1. 0 for maneuvering distortion, 1. 0 
for thermal, and finally 1.4 for the attitude control system error. Again, these con- 
tributions should be uncorrelated and an HSS combination is used. 

Manufacturing error does not contribute to LOS accuracy because bias corrections in 
attitude can be made if static beam offset from boresight is detected. 

The allocations for maneuvering and thermal deflections are couservative. From a 
pointing control standpoint, the structure behaves essentially as a rigid body. Deflec- 
tion amplitudes are small. The disturbances fqniid in the probable environment, and 
the thermal distortions were such that pointing error for either source is less than 
0.2 arc minutes maximum. 
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3, 4 SENSORS AND ACTUATORS 


3.4* 1 SENSORS FOR MEASUREMENT OF FLi\TNESS - Wo ara partlouloi'lj' iutarost- 
od iu looatiog the positions of tho 75 intoi’faoa nodas betwaon d\a primary and sQOondary 
struotwros, Dlsplaoomont of tiiosa nodes relative to each otbsr along the LOS oausas 
beam pointing error wMoh oan be partially oorraotad by bias pointing of tha attitude 
control system but ultimately must be aooommodatad by oleotronia phasing of the trans" 
mitidng elements. 

These 75 primary nodas will have exu’cr la position uoinnal to the antenna reference 
plane as a result of residual fabrloation ei'ror and distortion caused by the operational 
environment and attitude control nooelerationa. 

The nodal position errors oan be measured Internally witli respect to tlie ooordinato 
system of the structural hub of the antenna. The ACS coordinate system is also related 
to the structural hub. In this approeoh, the ACS system would require an external 
referonoe to determine the oorreot LOS to the reoteuna. Alternatively, the nodal 
positions oan bo related to an external reference such as a beacon at the reetanna. In 
tiiis oase, Oio ACS is oulj' required to minimize the measured nodal errors. 

An internally generated referenoe approach is attractive since it does not depend on fui 
external source. The structure need not be oriented in a pardoular direction during 
measurement and may bo oriented to tlie sun to aoliieve a uniform thermal condition. 
TMs alternative is useful during initial assemblj' and alignment as well as for sensing 
distortion for input to an active figure oontrol system during operation. 

Laser Soannlng Systems 

The reference oan be generated by a scanning laser beam. A small low- power laser, 
tj'ploally helium-noon, is used to generate a pencil beam (Figure 3-2G), This beam Is 
directed tlirough a right-angle Pontag prism scanning beam bender. The result is a 
x'oferonoG plane wMch can bo sensed by photodeteotors. This approach is used In 
oonatruction to lexml large ceilings and floors. 

hi the primary structure, one such unit oould be located at tlie hub offset slightly from 
the center so that a visual patli is available tlirough the truss to oaoh node at the pri- 
mary secondary interface. A beam of 0. 5 to 1 cm diameter would provide a referenoe 
to a split detector that would jdald vertical positioning resolution to 1 uim without dlf- 
Eoulty, Overall accuracy of tlie system would depend on stability of tho referenoe 
generator unit hi the hub. Primary nodes would be aligned to perhaps 3 am (equivalent 
to 1 oro minute pointing of tlio secondary structure supported at the node). The sys- 
tem should be easily capable of supixirtlug this level of aUgnment acoui'acy. 

During initial assetnbljs the detector can be located at the node, and each node aligned 
to the reference plane as its struotural oiements are mated to tlie partiallj' completed 
primary structure. For active oontrol, at oaoh node, tho sensor oan be coupled to a 
displaoemeut actuator so tliat the primary structure continually maintains a flat founda- 
tion for tho secondary and subarray antenna components. 
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SYSTEM 

Figure 3-'26. Laser reference plane generator. 


Since the study has not shown a need for active control after initial assembly and align- 
ment, another version of the laser scanner can be considered which has all the active 
elements located at the hub. Figure 3-27 shows this scanning laser system. In this 
case, the laser is used to provide a light source with illuminated small corner reflec- 
toi’s located at each node. The detector is an imaging system which scans the array of 
corner reflectoi's, and determines in turn, the out-of-plane displacement of the associ- 
ated node. 

The laser beacon and detector array scan one time pex’ second and measure the primary 
figure as located by 75 indiTddual retroreflectors. Tliis arrangement is reasonably 
straightforward electronically and keeps tlie instrumentation relatively simple and com- 
pact. To attain the desired accuracy imposes a stringent mechanical i-equirement of 
2 • 10~® radian wobble in the shaft which turns the assembly at one i-evolutlon per second. 

The rotation rate was selected so that modal frequencies to 0. 1 Hz could be measured. 

A linear array of 500 elements would provide 1 mm resolution at the edge nodes. The 
detectors, 0. 1 mm wide, form a 5 cm long linear array. Detectors of this type are 
currently available for use at 0,6328p with a helium/neon laser. Rise time of tliese 
detectors is 10“^ to 10“^0 seconds. At one revolution per second, the return signal 
has a minimum dwell of 3 ♦ 10“'^ seconds as it sxveeps over the array. 


3-28 



ORIGINAL PAGE IS 
OF POOR QUALITY 



Figure 3-27. Laser beacon, detector array concept. 


External Reference Approach 

The external reference (for example, an rf beacon on earth) will generate a plane wave 
at the synchronous altitude that Is curved less thiin + 4 mm over the diameter of the 
antenna. If the cuiwature were a problem, an allowance could be mde for the known 
value. 

In the case. If uncorrected, the curvature would cause the MPl’S beam to focus at the 
rectenna rather than at infinity, so we can assume that the curved wavefront Is an Idetil 
x'efereece. 

The beacon for this purpose could operate In a number of frequency bauds. If a fre- 
quency near the 2.45 GH'* s.'>item frequency Is used, the wavelength Is about 12 cm. 
Simple phase comixirlson circuits would give accuracy to about + 3 mm In the alignment 
of a node to a reference node at the hub. Some provision would be required to resolve 
ambiguity since the primary structure nodes could easily be more than one wavelength 
or 12 cm In error during the alignment process. 
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The ambiguity can be resolved by using a second beacon at lo-wer frequency, e. g, 0, 3 
GHz. Alternatively, a pulsed laser could be used to get resolution to a few centimeters. 

There is also a possibility that the phase data generated in the electrooic control of the 
subarrays could be used for sensing of distortion in the structure. With a pilot beacon 
operating at 2.45 GHz, the phase measured at subarrays adjacent to primary structure 
nodes could be used to estimate deflection of the node. We can also guarantee tla,t ad- 
jacent subarrays are never out of phase more than a fraction of a cycle of the pilot 
beacon. So it is possible to count wavelengths from one primary node to the next across 
the subarrays and resolve ambiguity in phase at the nodes. 

Perhaps the most difidcult problem in the use of a pilot beacon and wavefront sensing at 
each node is the comparison of the received signal to_ a single phase reference for the 
entire structure. This comparison requires communication between nodes, and precise 
delay information so that error in delay in the system is not Interpreted as structural 
deflection. Since solution of this problem is inherent in the use of electronically phased 
subarrays, for this study the technology can be assumed to be available, and the use of 
an exterMl reference is a viable alternative. 

Measurement of Strut Length 

Measurement during the manufacturing process is expected to malte use of special mea- 
surement systems designed for that purpose only. 

Measurement durii^' fabrication may be automatic, or rely on operator assistance. In 
most cases, the measurement system is expected to be located at the central hub of the 
antenna where power, maintenance, repair, and other services are available. 

The primary measurement required in the fabrication of elements of the antenna is in 
establishing strut length. This is most readily accomplished by comparison with 
master tooling. 

During assembly of the structure, some measurements will probably be made between 
distant nodes of the trass to monitor tolerance buildup. This type of range measure- 
ment can be accomplished with laser-type surveying equipment. 

A highly accurate ranging system is the Kern Mekometer ME 3000 (Figure 3-28). This 
unit uses a Xenon tube flashed at a rate of 100 Hz, with one microsecond flash duration. 
The modulation frequencies are derived from a quartz cavity resonator with elliptical 
polarization modulation effects by a Pockels crystal in the modulation cavity. 

This system lias an accuracy of + 0.2 mm + 10"® over 3,000 m range. Tliis is equival- 
ent to 1. 2 mm accuracy over the diameter of the antenna. Four auxiliary frequencies 
give unambiguous distance to 3,000 m by using the frequency difference methods. The 
basic unit is 46 x 16 x 22 cm, and weighs 14.5 kg. A distance measurement takes two 
minutes and power consumption is 18w for the conventional unit. The system appears 
to be adaptable to use in space and should demonstrate improved accuracy in the vacuum 
environment. 
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OUKUNAl. PAOK IS 
OK OllAUTY 

The mekometer measures i*ango, tmd can 
bo used to monitor variation in dlstimoe. 

If only variation in distance is requtx*ed, 
e.g. , to monitor distortion from an ai'bl- 
trarj’ length, then laser lntoi'foi*omotry 
px'ovides I’eliablo, instantimoous, and ex- 
tremely accurate length variation measurt?- 
ment . 

An example of this type of system is the 
Hewlott-Pjxokard 5526A Laser Moasui*ement 
System. The laser is a two-frequency 
helium-noon unit. The two beams are 
oi'thogonally polarized so tlmt two separate 
channels of measurement can be used. 
Polarized mirrors ai*o used to establish a 
i*eference beam and the measurement beam 
for each freqxienoy. With two independent 
beams, the xmit cixn be used as a remote 
interferometer, to measxire the variation 
in length between two remote points. 

The laser hoail is 12.7 x 17.8 x 52.0 cm 
mxd weighs 7. 8 kg. Accux'acy is ^ 0.5 ppm for the conventional xmit. A major error 
soxii'ce is variation of velocity of light thie to atmospheric conditions. This accuracy 
woxild be considerably better for a space qxialitled xmit. 

These units ai*o relatively Itu'xpenslve. For lai'ge tniss stnictxii'es, it could be possible 
to locate a laser interferometer in each pi'imax^ stxnit. A closed-loop system would 
maintain the stxiit length in ai\v anticlpjxted envlx-onment. With tlxls appxx>ach, once 
aligned the stxiictxix'e would x'emaln lilmensionally stable. One dx*awbixck to the laser 
Interferometer is that if power is lost or the beam Intertxipted at aixy time, the length 
xvference is lost. The length would have to be xtiestabllshed by some other method. 

Another alternative in the active strxit appivach is to px'oxide an internal standjxxxi such 
as a graphite /epax>' xx>d which is fabricated and calibrated to proxdde essentially zex’o 
thermal coefficient. This x*od, pi'oteoted from the em ix-onment within the prlmax’y stxmt 
would bt> used in a slmtUe closed-loop system to maintain the effectlw length of the 
stxtxt to the design value. 
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3.5 ACTIVE VERSUS PASSIVE PIGURE COOTROL 

A primaxy ofajeotive of tlie study was to determijae whether the required flatness oould 
be achieved without resort to an active figure control system. In Task 1, it was found 
that maneuvering and thermal distortions are small, and the MPTS, if assembled or 
aligned with sufficient initial aocuraoy will meet the operational accuracy requirements 
with a passive structure. In Task 2, the thermal and acceleration environment was 
examined in detail and its effects on flatness were found to agree with the preliminary 
estimates of Task 1, Active control is not required. 

Active figure control could stilL be a viable alternative if the resulting improvement in 
efficiency offset the cost and complexity of an active system. Table 3~5 lists the range 
of actuator options and their estimated potential for improved efficiency. The most 
complex system, Option 6, shows a one percent improve mei^ in efficiency over a 
passive system operating at 99 percent. Since the passive systems exceed this value, 
the margin for improvement is even smaller. 


Table S-S, Active control options — performance improvement. 


Option 

RMS Slope 
Error (arc-min) 

Linlc Efficiency 
Improvement (%) 

1. Primary PShape Control 
24 Actuators 

0,68 

0. 15 

2. Primary Interface 
Control 
72 Actuators 

0,85 

0.18 

3. Configuration A 
Secondary Control 
122 Actuators 

0,90 

0.21 

4. Secondary Shape 
Control (minimum) 
732 Actuators 

1,10 

0.25 

5, Secondary Shape 
Control (maximum) 
2, 928 Actuators 

1.50 

0.50 

6. Subarray Intei-face Control 2,00 

15,700 Actuator’s 

1.00 


Option 1 is for a system of actuators within the primary structure which corrects the 
primary only for major distortions. An 80 percent correction of rms slope error con- 
tribution from the primary structure is estimated on the basis of random distortions 
over the primary. Option 2 corrects the interface between the primary and secondary 
but not the primary distortion. Option 3 provides 2 axis tilt correction to each 
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secondta^y hexagonal element as well as correotion for primary distortion. Option 4 
has 12 actuators per secondary hexagonal element providing Erst order structural 
corrections. Option S has 48 actuators per element. Finally, Option 6 provides com- 
plete control of each subarray, 

in view of the poor return suggested in Table 3-6, die more complex systems ore diffi- 
cult to justify. A few percent larger solar coEeotor, and some additional subarrays on 
the corners of the secondary structure would give more usable energy at the reotenna 
(and reduce sidelobes) at less cost and better reliability tlian an active system. 

There is stiE the ohanoe that a small number of actuators operating witliln the primary 
structure could correct first order distortions. This alternative, while not improving 
effioienoy more tlmn a fraction of a percent, could be wortliwhile in minimizing beam 
pointing error. 

Table S-6 lists the coefficients of the first 28 terms of an optics fit to typical distor- 
tions. The coefficients have been normalized so tliat relative size of the various types 
of distortions can bo seen. The first six cases are linear and angular accelerations. 
The distortions are similar to those of the lowest frequency modal deformations. The 
quality of fit is good for all except angular acceleration about the line of sight. The 
structure deformed about the three support points in a distinct "3 leaf" trefoil pattern. 

Figure 8-29 shows the contour plot for Z axis linear acceleration. The largest defor- 
mation is change In focal length evidenced by the circular pattern. Trefoil distortion 
oauses the 3 way syxnmetry in the pattern. Figure 3-30 shows the angular aoceleratioa 
about the Z axis. Now only trefoil distortion can be seen in the pattern. For compari- 
son, Figure 3-31 shows the 11th case, a random strut length distortion. 

Cases 7 through 12 are random distortions generated by using a normally distributed 
temperature for each strut and constant E and CTE. The result simulates random 
strut length In manufacture. The optics fit is not particularly good, an average of 
about 80 percent. Almost all terms have signlfioanoo , not like in accelerations where 
only a few terms of the polynomial describe the surface. The last case was generated 
by a gaussian discribution of temperature over the aperture. It resulted iu almost pure 
defocus and spherical aberration. 

A detailed placement of actuators in the primary stnioture was not attempted. From 
the optics fit analysis we can project that 24 actuators, at best, would correct as well 
as indicated by the optics fit. This would result in perhaps a 90 percent correction 
of acceleration and 80 percent oorreotion of random deibrmations in the primary. 

In the long run, It would probably be easier to let the primary deform, and simply 
correct the inter&ce. This is Option 2. It would require 72 actuators. Actually 75 
actuators would probably be used witli three failures ollow*ed before system degradation 
would begin. 
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Table 3-6, Polynomial fit to typical distortione 




LINEAR ACCELERATION 

ANG.ACCEL.ABOUT 





GAUSSIAN 


POLYMOMiAL 

TERMS 

CONDITION 

nr^ 


* Z 



VY 


RANDOM STRUT LENGTH 


T. DIST. 

r 

CASE 

1 

2 

3 

4 

5 

6 

7 

a 9 

10 11 

12 

13 

TYPES OF DISTORTION 

1 

1 



0.07 




0.33 

-0,41 -0.32 

-0.30 -0.25 

-0.39 

-0.30 

GROUP PHASE SHIFT 

PCOS0 

2 

0.37 

- 

- 

- 

0.38 

- 


0,59 -0,11 

-0.04 0,06 

0.27 

- 1 

TILT, LINEAR PHASE SHIFT 

PS1N6 

3 

- 

0.37 

- 

0,38 

- 

- 

0.15 

-0.07 -0.28 

0.21 -0.12 

-0.18 

i 


P2 

4 

- 

- 

1.00 

- 

- 

-• 

0.78 

1.00 1.00 

0.89 0.91 

0.80 

1 CCf 

OEFOCUS 

p2cOS0 

5 


0.66 

- 

0.63 


- 

0,02 

0,09 -0,14 

-0.11 -0.24 

-0.54 

1 

ASTIGMATISM, ANTICLASTIC 

P2SIN0 

6 

0.66 

- 

- 

- 

-0.63 

- 

-0.58 

-0.25 -0,46 

-0.11 -0.07 

0.21 

J 

BENDING 

pHose 

7 

0.99 

- 

. 

- 

-1.00 

- 

-0.96 

-0.62 -0,18 

-0.20 0.28 

- 

- 

COMA 

pHm 

8 

- 

0.99 

- 

1,00 

- 

- 

0.46 

0.62 0.26 

0.21 0.12 

1.00 

- 

P3C0S3P 

9 

- 

- 

- 

- 

- 

1.00 

0.01 

0.65 0,02 

0.03 -0.04 

0.06 

- 

[trefoil DISTORTION 

p^siNse 

10 


- 

0.42 

- 

- 

- 

0.07 

-0.27 -0.32 

0.01 -0.07 

-0,32 

-0.16 



11 

- 

- 

-0.16 

- 

- 

- 

-0.39 

-0.10 -0.54 

-1.00 -1.00 

-0.49 

-0.90 

SPHERICAL ABERRATION 

P^C0S20 

12 


-1.00 

.. 

-0.89 



-0.19 

-0,07 0.36 

0.39 0.19 

0,33 



P^S1N2P 

13 , 

-1.00 


- 

- 

0.89 

- 

1.00 

0,46 0.97 

0.52 0.03 

-0.11 


HIIGHER ORDER ASTIGMATISM 

P^COSPd 

14 

- 

0.04 

- 

- 

- 

- 

-0.16 

-0.21 0.08 

0.12 0.19 

-0,10 

- 


P^SIN<?0 

15 

-0.04 

- 

- 

- 

- 

- 

0.29 

0.18 0.16 

0.16 -0.11 

0.24 

- 


pscosfl 

16 

-0.46 

- 

- 

- 

0.48 

- 

0.53 

0.49 0.17 

0.29 -0.14 

0,01 

1 

[ 

P5SIN0 

17 

- 

-0.48 

- 

■0.43 

- 

- 

0.27 

-0,35 -0.26 

0.10 -0.10 

-0.67 

1 

HIGHER ORDER COMA 

P5COS30 

18 

- 

- 

- 

- 

- 

-0.68 

0.11 

-0.40 0.04 

-0.03 0.03 

-0.13 

- 

[higher order TREFOIL 

P5SIN30 

19 

- 

- 

-0.33 

- 

- 

- 

-0.11 

0.13 0.24 

0.10 

0.15. 

0.08 

fOISTORTION 

PCOS50 

20 

0.02 

- 

- 

- 

-0,02 

- 

- 

-0.01 

-0,02 0.02 

- 

- 


PSIN50 

21 

- 

-0.02 


-0.02 

- 

- 

-0.03 

-0.08 -0.01 

0.06 0,02 

0,03 

- 


p& 

22 

- 

- 

-0.07 

- 

- 

- 

0.10 

0.25 0.10 

0.43 0.44 

- 

O'. 32 

HIGHER ORDER SPHERICAL 
ABERRATION 

P^*COS20 

23 

- 

0.51 

- 

0,44 

- 

- 

0,05 

0.05 0.31 

0.13 -0.09 

-0.08 



P6SIN20 

24 

0.51 

- 

- 

- 

0.44 

- 

-0.61 

-0.26 -0,49 

0.34 0.04 

-0.15 

! 

^HIGHER ORDER ASTIGMATISM 

P^>COS40 

25 

- 

6.05 

- 

■0.01 

- 

- 

0.20 

0.07 -o.n 

-0,15 -0,14 

0.17 

- 


P^»S!N40 

26 

0.05 

- 

- 

- 

-0.01 

- 

0.26 

-0.24 -0.14 

-0.16 0.12 

-0.23 

- 


P^COS60 

27 

- 

- 

0.01 

- 

- 

- 

- 

0.04 

-0.03 -0.02 

0.04 

-0.01 


P^SIN60 

1 28 
L— 

- 

- 

- 

- 

- 

- 

-0.04 

0,01 0.02 

0.02 -0.01 

0.05 

- 


QUALITY OF RT (%) 

97.1 

97.1 

95.7 97.2 

97,2 

69.2 

83.0 

76.9 80.9 

81,7 78.1 

68.4 

93,5 
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Figure 3-29, Z-axis acceleration distortion, 
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Figure 3-30. Z-axis angular acceleration distortion. 
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Figvire 3-31. Random strut length distortion. 


8.6 STRUCTUR>\L SPECIPICATION {BASELINE DESIGN) 

It was determined that it would be helpful to define the major elements of a structural 
specification for the MPTS antenna. This specification is found in Appendix A, 

The mission of the MPTS antenna structure is to protfide a stable platfoi’iu for mounting 
Idystron/waveguide/thermoi radiator units (subarrays). For each subarray a slope 
error of lass than three arc minutes is a primary requirement. 

Interfe.ce control drawings ulll be prepared to describe the antenna assembl5', its 
datum references, volume atmilable for support structure, mechanical references, 
and structural interfaces. 

The structure is to be capable of withstanding both space and earth emdronments witli- 
out degradation in functional pex'formance or opaiution below the requirements set 
forth in the stmotural specification. 

Materials for the MPTS antenna udll be chosen on the basis of adequate strength allow- 
ables for the expected loading conditv'aii, and environment. 

WTien designing the structure, consideration udll be given to the items listed below: 
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a. Dimensional stabiliiy 

b. Manufacturability 

0 . Overall structural stiflmess 

d. Mission life 

e. Stress margin 

f. Serviceability 

Active meobanioal alignment meobanisms are not a preferred method to achieve the 
required flatuess, but if used, they would be required to fulfill the requirements as 
set forth in Specification MIL-A-83577 dated 15 June 1976 for moving mechanical 
assemblies for space vehicles. 

3.7 SUBAREA Y SIZE TRADES 

Variation in subarray size can have significant effect on slope erroi' of the surface. A 
largex’ subarray results in an apparent improvement in rms slope accuracy of the sup- 
porting structure, but the gain is offeet by larger slope error in the subarray itself or 
by increased sub array structure weight. 

All other analyses in this study are based on a 10-bay primary and 61 14-bay secondary 
structures (the latter supported separately in configuration A, or joined to form a con- 
tinuous structure in configuration B), Truss angles are derived from use of a regular 
tetrahedron as the basic 3-dimensional truss building block. 

In this analysis, the basic geometry is unchanged, but the number of bays in the pri- 
mary and secondary structures are varied to effect discrete changes in subarray size. 
In addition to the 10-bay primary, 8 and 12-bay configurations are considered. 

Si mil arly 12 and 16-bay secondary structures bracket the baseline 14-bay configuration. 
These combinations provide an additional 8 configurations. The number of secondary 
bays across the diameter of the reflector surface is: 


Number of Secondary Bays 
12 14 16 


Number of 

8 

96 

112 

128 

Primary 

10 

120 

■ 140 

160 

Bays 

12 

144 

168 

192 


The variation in number of subarrays across the diameter is 96 to 192, corresponding 
to a subarray size ratio of 2:1. The baseline 10 x 14 bay baseline has subarray panel 
size of 10.75 x 9.31 m (35.27 x 30,54 ft). 

The options are ordered according to subarray size in the folloiving listing: 
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Option 

No, 

Primary 

Bavs 

Seooudary 

Bavs 

Subarray 
Sine iml 

Subax'ray 
Slae (ft) 

1 

s 

12 

15. 6S X 1S.5S 

51, <13 X 44, 34 

2 

s 

14 

IS, 44 X 11,64 

44. 03 x 88.18 

3 

10 

12 

12, 34x10,36 

41.15 X S3. 64 

4 

3 

16 

11,76 .V 10. IS 

SS.5SxSS.41 

5^ 

10 

14 

10.75X 9, SI 

35,27 X SO. 54 

6 

12 

12 

10.45 X 9.05 

34,29 X 29.70 

7 

10 

16 

9.41X 8.15 

SO. 86 X 26.73 

S 

12 

14 

S.9GX 7.76 

29.39 X 25. -15 

9 

12 

16 

7.S4X 6,79 

25.72 X 22,27 


Baseline 


We have a set of nine subarray sices, with tin ovei'aH area rsttio of 4:1 which x'epres«nts 
the probable I'ange of practical subarray sice for the MPTS, 


Experience has shown that surface deflections are Inverselj'' propoxiiounl to depth 
squared for these truss structures, A parametric study wltlx modeling {xnd computer 
simulation of configurations with varying bay numbers is beyond the scope of this study. 
However, the existing data can be interpreted to get evidence to support the depth-square 
approxlmatlou, RMS uormal error to the surface was computed for the secondary 
struoture, first for all nodes, then for aU surface nodes except those on the outer ring, 
to simulate ir 2-bay reductiou, and finally, :iU node? except those on tlve outer 2 rings 
to simulate a 4-bay reductiou lu coufiguratiou* Case 4 raudom temperatures were used 
to generate typical deflections. The results are as follows? 


No.of 

RMS 

Scixled 

Aotxxal 

Predicted 

Bavs 

Erx'or 

To Full Diameter 

RaUo 

Ratio 

14 

0.132 

0.132 

- 

- 

12 

0.086 

0.100 

0.76 

0.73 

10 

0.056 

0.073 

0.59 

0.51 


As seen above, witli constant diameter, tlxe rms surface eri'or is proportional to the 
square of tlie number of bays, hence invex'seij^ proportional to tlie square of the depth of 
tlie truss. 

Slope ei'x*or is dlmeusionless. It Is proportional to normal error, and iuversoly pi'o-* 
poi'tiomU to bay slae, From this relationship, It follows that slope eriw Is projxn*- 
tional to tlve number of bays cubed. 

The cube rule Is used to estimate the gaiuAoss in slope erx'or for the \?:irious bay 
options relative to the bixsellue? 
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Option 

Number 

Primary 

Bays 

Bay 

Factor 

Secondary 

Bays 

Bay 

Factor 

Total Slope 
Error 

1 

8 

0.512 

12 

0.630 

0.607 

2 

8 

0.312 

14 

1.000 

0. 916 

3 

10 

1.000 

12 

0.630 

0.729 

4 

8 

0.512 

16 

1.493 

1.341 

5* 

10 

1.000 

14 

1.000 

1.000 

6 

12 

1.728 

12 

0.630 

0. 986 

7 

10 

1.000 

16 

1.493 

1.401 

8 

12 

1.728 

14 

1.000 

1.201 

9 

12 

1.728 

16 

1.493 

1. 550 


*Baseline 


In the last column, a total slope error is estimated relative to the baseline 10 x 14 con- 
figuration, In combining the factors for the secondary and primary, a ratio of 1.87:1 
was used as typical for the rms slope error of the secondary relative to that of the 
primary. 


The conclusions drawn from above are that for LOS accuracy where secondaary slope 
error is not significant, a reduction of primary bays from 10 to 8 would halve the 
pointing error. For rms slope error, the secondary error predominates, and the most 
improvement is made by reducing the number of bays in a secondary structure segment. 

Before a trade in subarray size can be made, the probable loss in subarray slope 
accuracy must be considered. If surfe.ce accuracy is maintained to a fixed fraction of 
diameter of the subarray, and the individual radiating element spacing in the subarray 
remains unchanged, then the slope error would effectively increase with subainray dia- 
meter. Practically, with about the same complexity and weight per unit area of sub- 
array, the slope error would increase with the square of dimension. Most of the gain 
in the structural flatness accuracy would be lost in increased subarray error. Total 
structural slope error is adjusted as follows: 


Effective Subarray 
Dimensions 


Option 

Meters 

Feet 

1 

14.59 

47.87 

2 

12.51 

41,04 

3 

11.87 

88.29 

4 

10.94 

35.90 

5* 

10.00 

32.82 

6 

9.72 

31. 91 

7 

8.76 

28.73 

8 

8.34 

27.36 

9 

7,30 

23.94 


^Baseline 


Structural 

Slope 

Error 

Subarray 

Factor 

Overall 

Slope 

Error 

0.607 

2. 129 

1.292 

0.916 

1.565 

1.434 

0.729 

1.362 

0.998 

1.341 

1. 197 

1.605 

1.000 

1.000 

1.000 

0. 986 

0.972 

0.958 

1.401 

0.876 

1.227 

1.201 

0. 834 

1.002 

1.550 

0.730 

1.132 
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la the above listing, the iiasumptioa is made tlmt as slaa Inoi'oasos, effective slope oi'ror 
Inoroasos for the suborraj' aooorcUng to a square law. To be oouservative, with rediio- 
tloa la size, a liaear relatioaship la Iraprovement la used. 

The results show that aa increase in size la the subnrx’ay can lead to a small Improve- 
moat la slope error. This is Illustrated bj' Option 3 where the secondary is reduced to 
12 bays. The onlj» other improvement that is indicated is going to a niore symmetric 
12 X 12 bay confi,gttratioa. With some loss of LOS accuracy, a small Improvement can 
be made in rms slope error. The additional complexity of having 6 percent more sub- 
arrays must be considered. 

The final conclusion is that if a subarray size change Is made, it should be an Inoi’ease. 
This results in reduction in complexity of the liupport structure, and improvement in its 
accuracy. One discrete step size to an offeotivo dimension of 11,67 m (38,29 ft) shows 
most promise of improved performance. Larger panels can also bo effective, but in- 
creased diffloulty In maintaining tl\e subarray ptmei within tolerance must be considered. 
This chouge would result In a 26 percent decx'ease in tlie number of subai'rays, and 
equivalent reduotion in the number of supporting truss elements. 
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TASK 3 

FIGURE AND POINTING CONTROL MATRIX 


TliQ ejEfeots of tho coutrol system ou the structure were evaluated for* dijTereat ooutrol 
teohaiques. Of the teoluiiques examined, mochanioal actuators oud mocbauical cable 
systems offer tlie most promise. Cable dynamic problems remain to be resolved be- 
fore making a firm ooinmitment to this concept. Magnetic and oount«ruveight concepts 
are penalized by gross size and resulting configuration Impacts. 


Figure 4-1 summarizes Task 3 study activities and flow. 
Detail task considerations are given in the following sections. 



Figure 4-1. Task 3 flow. 


4,1 CONTROL REQUIREMENTS 


The exact requirement for the allowable angular error between the antenna normal and 
the line-of-sight to the rocteuna Is still evolving, but a final \faluo of one or two arc 
minutes appears most probable at tills time. A budgetary allocation of 1.4 arc minutes 
is used in this study. The power beam is controlled by phasing teclinlques to greater 
accuracy than is the rigid body of the antenna and the tolerable error for the rigid body 
is set by the tracking range of the phasing teolmique. Power beam phasing uses a pilot 
or reference beam from the rectenua which la also used for sensing i*lgld body pointing 
errors In azimuth and eloifatiou (Section Il^-C-5 of the Green Book). This error sensing 
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technique is expected to be accurate to 0,1 arc minute with a range of + 0,7 degree 
before ambiguities occur. Thus an acquisition sensing system is required, in addition 
to the phase sensing, to bring the antenna within + 0.7 degi’ee so the t 'acldng system 
can take ovex*. 

The traolving motions vary with inclination, eccentricity, and longitudinal drifts that 
result from earth oblateness, lunar and solar gravity, and solar pressure. A worst 
case actuation is shown in Table 3—2 whex’e the antenna line— of— sight desci'ibes an 
ellipso once a day. The ellipse has a major axis of 2.86 degrees and a minor axis of 
2,02 degi’ees. The table also shows a fixed elevation angle of 7.3 degrees fox' pointing 
to the TJ.S, -Canadian bordex' at 49 degrees North latitude. Thus relative to an orbital 
reference frame the x’equix’ed motion capability in elevation would be 8. 3 degrees 
(7.3 fixed and 1, 01 ftom half the minox' axis of the efiipse). Some additional motion 
capability In elevation will be required since the solar collector will probably not 
remain in precise aHgnmeut with its desired reference frame. Although the solar col- 
lector attitude hold requirements are not known at this time, gravity gradient dictates 
that off-nominal attitude errors be quite small. This is because the SPS is in an 
orientation whex’e gravity gradient acts as a negative spring; at zero error little or no 
tox’que is needed to hold attitude, but any error results in tox'ques which cause the 
exT-’or to grow wliich results in the need for more contx'ol torque to stop the drift and 
more work to return to zero error. Thus the collectoi' motions have been assumed 
small and the required maximum elevation capability has been selected to be 10 degrees. 

There are two different cases for the minimum required elevation. If it assumed that 
the same end of the SPS is always oriented in a northerly direction, a northerly eleva- 
tion of 4,7 degrees will cover the southern tip of Florida. Allowing for tlie tracking’ 
ellipse and solar collector motion gives a minimum northerly elevation of 2, 0 degrees. 
Thus for this case, the elevation pointing capability would be from 2 to 10 degx'ees or a 
nominal angle of 6 degrees with plus and minus 4 degrees of motion. However, one of 
the candidates for px'oviding maximum SPS output at the peak load seasons (mid-summer 
and mid-winter) wliile sdU maintaining the perpendicular-to-orbit plane orientation 
would be to point the individual collector elements about 23 degrees away from the 
structure and invert the entire SPS evex'y spring and faU. This tux'uover approach re- 
quix-es 20 degi’ees of elevation capability, plus and minus 10 degx’ees about zero. In 
either case, the anteuua requii*es unlimited continuous fx'eedom to rotate in azimuth. 

The requirement that pointing be maintained in the presence of environmental disturb- 
ances is usually implied rather than stated explicitly. However, the potential severe 
impact of a rather unique gravity gradient problem on the pointing system desexwes 
more attention here than is usually given giuvity gradient. The usual gravity gradient 
torque arises from diffex'ences in principal moments of inertia; the problem here is 
the gx'avity gradient force which acts on unbalanced masses. This force acting on the 
lever arm from the support point to the unbalanced mass can cause torques wMch ai-e 
ordex's of magnitude greater than those from moment of inextia differences. Figure 4-2 
shows the tox-que parametrically. One conclusion from the figure might be that an 
elongated, narrow solar collector is undesirable and that reducing the torque on the 
antenna by use of a shape that placed the antenna closer to the total center of mass is 
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DISTANCE ANTENNA C.M, TO PIVOT, METERS 

Figure 4-2. Torque fi*om gravity gTadieut aud uabalauced mass. 

a practical solution. Howe^r, geometries wliich would ease the auteuna control pro- 
blem would impart severe penalties to the solar collector control because it^ gravity 
gradient pi*oblem would be more severe. 

4,2 TECHNIQUES FOB COUNTERING GRAVITY GRADIENT 

The gTavlty gradient torque from the ox'bital force acting on an unbalanced mass which 
is far from the system center of mass must be accounted for before seriously consider- 
ing any pointing teclmique. As various gravity gradient countering techniques are pre- 
sented for consideration, it should be kept in mind tliat these techniques ai'8 candidates 
for comparison and not all of them will be reasonable solutions. 
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4«2,1 COUNTERWEIGHT — The time-houorad method for designing small gravity 
gradient satellites is to use long thin rods with tip weights to control the principal 
moments of inertia. Thus it is reasonable to consider a counterweight on a Icng boom 
for the first teolinique. 

Pointing the antenna at the continental United States from equatorial orbit prevents the 
principal cu:es of the antenna from over being aligned with a local vertical reference 
frame. Therefore, the antenna as currently envisioned cannot achieve zero gravity 
gradient torque xtnless all three moments of inertia are equal. To eliminate the gravity 
gTadient force and the resultant torque, the antenna’s center of mass must coincide 
wdth the pivot point. When using a single coimterw'aight there are an infinite number of 
arm-weight combinations which will provide either static balance or equal moments of 
inertia. However, given a spectfio antenna mounting, there is only one arm length and 
one counterweight mass which can meet the dual requirement of balance and equal 
inertia. Simultaneous solutiou of the two conditions gives the coxiuterweight character- 
istics shown in Figure 4-3. Several items of interest may be determined from the 
figure. First is that for pivot-to-oentei’-of-raass distances of 70 m ox' greater, the 
mass of the counterweight starts to exceed the weight of the antenna itself. Second, tlie 
oounterweight arm becomes very lor^ (greater than a Idlometor) as the pivot point and 
center of mass are brought together. There is a mathematical peculiarity as the pivot 
point appx’oaches the center of mass: the arm length is squai'ed in the moment of inertia 
calculation and a small mass value times the long arm length squared is able to com- 
pensate moments of inertia although the mass times the ai'm to Uie first power malces 
little change in the combined canter of mass, 

4.2.2 REACTION CONTROL — Although the 30 year life of the SPS would tend to make 
mass expulsion or x'eaotlon control a poor candidate for overcoming steady torques, the 
unusually long arm (500 ni) available to reaction control might tend to make it an 
attractive candidate. Two reaction control systems were selected for evaluation: 

O 2 /H 2 using electrolysis repi'esents a relatively conventional approach, and the MPD- 
arc jet was used for an advanced appi’oaoh. As a "first cut" the 30 year propellant 
requirements were calculated for the two different systems. A specific Impulse of 
3900 m/s (400 Ibf-sec/lbm) was used for O 2 /H 2 and 9800 m/s (10000 sec) for the MPD- 
arc jot. It must be emphasized that propellant weight is only part of the story; 
thruster life, thtuster weight, weight penalty for power, etc. have not been Included in 
this first out oalculatiou. The propellant weight is shown parametrically in Figure 4-4 
along with the oounterweight mass from Figure 4-2. Inspection of the figure shows that 
02 /Hg Is an ox’dei' of magnitude heavier than the counteiuveight and that the countei*- 
weight is lighter than the MPD-arc jet except fox* very advex'se configurations. 

4.2.3 ANGULAR MOMENTUjM COMPENSAT’ON - Proper selection of an internal 
angular momentum to the antenna will result in tii,' gravity gi-idient torque providing 
the useful hxnction of pulling the antenna around at the desirod rate. The relationship 
of intex'est is 
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OF POOR QUALITY 


T = 4Jq X Hs Sind 

■where 

T is the external torque, 

£Jq is the desired angular rata (orbital rate), 

H is the internal angxilar momentum, and 
9 is the angle bat'ween the torque vector’ and the angular 
momentum vector. 



Figure 4-3.. Counter'weight characteristics for complete 
elimination of gravity gradient torque. 
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Figure 4-4. Propellant required to overcome gTavity gradient. 


The angle between the torque and the angular momentum vector is placed at 90 degrees 
by installing the angular momentum devices so the vector is pax-allel to the line-of- 
sight of the antenna. Then, if T/H equals 7. 29 x 10”®, the antenna will be driven so 
as to rotate once per day. 

The weight of past angular momentum devices is such that such a scheme could not 
compete with counterweights or reaction control but the annular momentum control 
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device (AMCD) discussed iu "Refereuce sliows- promise of dramatically increasing 

the angular momentum per mass. The rejEerence shows that given the same shape 
factor, working stress, and rim density, angular momentum per mass is proportional 
to rim radius. Using data from the existing experimental AMCD, a conservative 
estimate for the characteristic of interest is 

H/m = GOUq Newton Meter Sec per Kg 
where radius iu meters. 

The required AMCD mass based on the above relation has been listed for two antenna 
pivot distances in Table 4-1 along with the mass for a counterweight and MPD-oro jet 
propellant. A radins of 0. 8 meter (the present experimental AMCD) is appreciably 
heavier than the other two approaches. Using a radius of 10 maters gives a device 
which is of about the same mass as the other approaches and using the full 500 meter 


Table 4-1. Comparison of AMCD weights estimated 
to counter gravity gradient. 



radins of the antenna give the AMCD a clear edge Insofar as weight is concerned. Al- 
though the comparative weights are attractive, the problems associated with fabricating 
a 500 meter radius rim in space have not been studied and the possibility of fabricating 
so as to be able to opei'ate a large rim at the same stress as a small lim is sufficiently 
questionable that the large rim is not considered a prime candidate. 

4.2,4 MAGNETIC CONTROL — The earth's magnetic field is nominally perpendicular 
to the orbital plane fox' an equatorial orbit wliich is the correct orientation to interact 
with a current loop around the outside perimeter of the antenna so as to act against the 


Reference 4-1. Anderson, W. W. ; and Groom, N. J. ; The Annular Momentum Control 
Device (AMCD) and Potential Applications, NASA TN-D-7866, Max'ch 1975. 
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gravity gradient torque. However* there are sevex-al problems with magnetic control, 
the first of which is the extreme wealmess of the earth's field at synchronous orbit. 

If the antenna were statically balanced so that only moment of inertia differences pi'o- 
duced torque, the current loop would require 50,000 amp tons. Assuming copper and 
a current density of 8 amps pei' square millimeter gives a coil weight of 460 metric 
tons and a resistive loss of about 10 megawatts. Referring to Figure 4~4, this mass of 
■480 M.T. places magnetic control in about the same class as the O 2 /H 2 reaction con- 
trol which was not even competitive with a counterweight, A second limitation of 
magnetic control is that either large energy storage or an alternate system would be 
required to prevent total loss of control and possible stnictural damage during 
occultation. 

4.2,5 aiECHANICAL SUPPORT — The techniques considered thus far have the desir- 
able feature of not reacting the gravity gradient torque into the support structure. Al- 
though we have not, as part of tliis study, evaluated antenna support towers, it would 
appear that the additional strength in the tower is a more reasonable solution than the 
large masses required for the foregoing techniques. 

Four possible arrangements for direot support against gravity gradient are shown in 
F^re 4-5. Candidate A retains an essentiaEy free-floating characteristic by using 
force servos and cables to counter sustained torques and forces. Any standard space- 
craft attitude control technique such as angular momentum exchange or reaction control 
could be used for the Une pointing. The force servos would be follow-up devices which 
would change force level slowly when logic indicated that pointing control was encounter- 
ing bias torques. An actuator with unlimited freedom about tlie long axis has been used 
in all of the configurations shown. This actuator is required since the torque which 
must bo reacted is judged to be greater than could be handled by a ball joint alone. This 
single degree of freedom actuator would include brushes for power trimsmission and be 
driven essentially as a clock at a constant rate such that brush stiction brealcout Is 
never seen by the antenna. Power transmission across other limited fi'eedom elements 
would be by flex leads. 

Using position actuators Instead of fox'ce servos as shown in Figure 4-5B, is another 
possibility. In the B configuration, one of tlie actuators must serve as a rigid beam to 
support the antenua. This support might be better supplied by a beam as shown In C. 

The basic trade between B and C would be the requirement for tlu'ee actuators in B, one 
of which must take lateral loads, versus two actuators with longer strokes as required 
by C. Both B and C will have relatively appreciable torques at the tower/solar collec- 
tor Interface that can be eliminated by use of the dog leg shape for the tower such that 
the nominal center of mass of the antenna/tower combinations is directly above the 
solar collector attach point. 

4.3 POINTING TECHNIQUES 

All of the pointing techniques considered are strongly influenced by the particular 
method of countei-ing gravity gradient which is employed: pointing and gravity gradient 
countering must generally be considered In combination. 
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(C) T\iVO ACTUATOR STRAIGHT TOWER (D) TWO ACTUATORS DOG-LEG TOWER 
Figure 4-5. Direct support candidates. 


4.3.1 ACQUISmON — The first step in pointing is to acquire the rectenna witliin the 
+ 0. 7 degree range of the phase sensing system used for pointing error determination. 
Since the antenna does not have svifficient rotational freedom to acquire from any arbi- 
trary solar collector orientation, it is assumed that the solar collector is in its proper 
attitude. Since the solar collector thus provides a reference, an earth sensor and some 
logic are the only additional items needed for acquisition. The azimuth drive can be 
used to rotate the antenna until the earth sensor acquires earth. An alternate approach 
would be to let the orbital motion bring earth into the view of a nonrotating antenna. 

With the earth sensor providing error signals based on ground-supplied data for azimuth 
and elevation for that particular SPS at that time of day, the pointing system will be 
operated to null the error signals. An earth sensor at synchronous altitudes typically 
has an accuracy potential of 0, 05 degree so that even with some installation misalign- 
ment and tracking error, the phase sensing system should be well within its nonambigu- 
ous I'ange. At tliis point the normal tracking mode can be engaged and normal pointing 
operation achieved. 

4. 3. 2 STABELITY — In a dynamic system such as the antenna where the sensors and 
the actuators are separated by flexible structure, stability should always be a concern. 
However, based on such data as is available, there appears to be no unusual stability 
problem. The lowest oscillatory mode of the antenna has been calculated to be about 
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0. 58 radians per second (12 second period) whereas the first oscillatory mode of the 
solar collector has been estimated to be 0. 007 radian per second (900 second period) 
or slower. Getting the control crossover frequency at the geometric mean of the two 
gives a "control fceqhency'’ of 0. 06 radian per second. This Is a factor of 8.7 below 
the antenna's first mode which is favorable for stability since a factor of 5 is commonly 
considex'ed adequate. At the same time solar collector bending disturbances are 
countered by the open loop gain being up at least a factor of S, 7 which will provide 
good apparaut stiffness. The crossover of 0. 06 radian corresponds to a 16 second 
time constant which coupled with a maximum tracking rate of 1, 04 x lO""^ degree/sec 
gives a dynamic traclfing error of only 0. 1 arc minute even if integral compensation 
is not employed. In short, the frequency separation between the structural character- 
istics of the antenna and the solar coEector shows the capability for good stability and 
good tracldng performance. However', no data is available on the antenna/tower com- 
bination and the above conclusion should be reviewed when antenna/tower dynamics 
have been investigated. 

4.3.3 DIRECT DRIVE — For the antenna/tower arrangements shown in B, C, and D 

of Figure 4-5, the pointing system is essentially brute force positioning of the actuators. 
Assuming tliat the actuator attach points are 500 meters apai't, positioning the antenna 
to 0, 1 arc minute corresponds to positioning the actuator to ulthiu 1. 5 ceutimeters. It 
is not expected that actuator positioning accuracy will be a px'oblem even with lax'ge 
actuators. 

The cable ari’angement of Figure 4-5A can also be used for direct drive if the upper ex- 
tension of the tower is made Into the upper two arms of a "Y". Tliis is px'obably the 
simplest of the direct drive approaches since tlie long actuators with pivots at botlx ends 
are not requix'ed. The cable drive could be eithex* with foi’ce servos and rate feedback 
for stabilization or with position sei'vos with force sensing fox' follow-up operation to 
prevent the cables from pulling against each other to an excessit'e amount. Experience 
has shown that cable systems such as tMs can be tricky and a detailed evaluation in- 
cluding tower stiffness and dynamics should be conducted before seriously considering 
them for a baseline. 

4. 3. 4 ANGULAR MOh-IENTUl^I EXCHANGE - If the essentially free floating arrange- 
ment of Figure 4-5 A can be pointed by an^lar momentum exchange, tMs would px'ovide 
smooth operation without any resupply requirements. Using the maximum rates shown 
in Table 3-2 and allowing 150 meters for the pivot to center of mass offset (moment 

of iuext'a increase) gives a requirement of 1. IS x lO® Nenton-meter-seconds in azimuth 
and 0. 84 x 10® n-m-seo in elevation for a total capacity of 2. 02 x 10®. This much 
angular momentum in AMCDs sized as the current 0, S m radius unit would require 
about 42 metric tons. However, 10 m radius units mounted with their spin axes paral- 
lel to the plane of the antenna would have a mass of 3. 4 metric tons. 

4.3.5 REACTION CONTROL — Again nsing the arx'angement of Figure 4-5A, pointing 
could be proxdded by i-eactioa control thxusters mounted on the outside edges of the 
px’imary stiuctui*e so as to provide maximum moment ax'm. The angulax* accelex'r'tions 
of Table 3-2 were used to estimate the 30 year impulse requirement to be l.S x 10® 
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Newton-meter-seconds, The 30 year propellant raquirement ■would be 46, 3 metric 
tons for an O 2 /H 2 system and 1 . 8 metric tons for a MPD-arc jet system. 

4.3 . 6 NX3TATION CONTEOL — Using the angular momentum compensation of 
Section 4,2. 3 for countering gravity gradient introduces a tendency of the antenna to 
nutate as a spinning body with a frequency of the net angular momentum divided by the 
fcnoment of inertia. ITor a mounting ■which is unbalanced by 25 meters, the nutation 
period is 4. 7 hours and a configuration with a 100 m offeet would have a period of 
about 1,2 hours. This oscillation is of sufficiently long period that it can be readily 
controlled by the particular pointing technique selected, 

4.3.7 MODAL DAMPING — One- of the concerns with large space structures has been 
the possibility of large structural oscillations which could exist for long periods of 
time because of poor inherent damping. In order to evaluate the potential severity of 
structural oscillation problems, the first three oscillatory modes of the antenna were 
simulated along with an active damping system. The simulated structure was dis- 
turbed by a step force of 44,500 Newtons (10, 000 ib) applied to the center of the 
antenna. A total of seven runs were made with different damping systems and time 
histories from one of the runs are shown in Figure 4-6. There are four actuators 

(or groups of actuators): X and y actuators at nodes 1006 and 1086. The slope time 
histories at the top of the figure show the maximum deformation at node 1006 to be 
about 0. 007 degree (0.4 arc minute) about the y axis. The lower traces show the X 
and y actuator torques. 

It was found that with actuators mounted at the corner points of the hexagon structure, 
all runs could be matched very weE by: 

. , , 33 X 106 „ , _ ^ 

Torque per Actuator = — Ne'wton-Meters 

where; N is the total number of actuators. 

T^is the time in seconds for the transient to damp 
“ to half amplitude. 

The above relation assumes the problem to be linear (no actuator saturation) so the 
corresponding torque requirements for different sizes of disturbance can be readily 
proportioned. Usii^ Figure 4-6 as an example, the time to half amplitude is about 8 
seconds. With T^ = 8 and N = 4, the torque expression gives a torque per actuator of 
about 10 ^ Ne’Wton-^meters ( 8.8 x 10® pound-incbes) which compares reasonably weE 
with the peak value of about 8 x 10® pound-inches exhibited by the y actuator. It is 
again noted that this need not be aE from one piece of hardware but could be the sum- 
med capability of any number of actuators acting about the y axis at the specified 
locations. 

In view of the result that a large step of force only produced 0,4 arc minute in surface 
deformation, active modal damping does not appear to be required. However, this 
conclusion should be re-examined if vibration sources such a' rotating machinery are 
present. 
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MODAL DEFORMATION, 




Figure 4-6. Modal dampijog system time histories for node 1006, 
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4,4 COlWEOL SYSTEM STEUCTIIRAL MODmCiVTIONS 

Proeont oonoopts fox' tlio M3?TS outQoua requiro it to rotate about ouo or more axes 
with respect to tlie mobi struoturo, Eotatlou is uooesaary to allow the solar oolleotors 
to be direotecl toward tlM) sun wblle the tranaraitting autonua remains pointed to a llxed 
ground reetomia ^seo Eiguro 4«7), Tbe joints must provide atruoturol stability and 
raaobanisma to pro\dde tlie proper antenna orientations as woE as a ixrnons to transfer 
power. 

Preliminary aaalj>‘Sis by NASA tos indicated that the use of sEp rings and brushes for 
transferring power across a 860-degree oontinuously rotating joint wiE be more 
effloient and have leas mass than other oonoepts. Structural and thermal oonsldora- 
tlons wlE moat Ekeljf determine die joint dimensions, Plexiblo cables are prime oan- 
dldates fbr use across joints that Imvo EuEtod freedom. 

There are nmny options possible for the rotating Joint ooaEgttration, An extensive 
trade study and design effort is required to optimise the systein from the standpoints 
of transportation, assembljs oomiEexity, and pointing performance, all of which is 
outside die scope of tMs study. This study has assumed a rigid interface where dm 
antenna attaches to the joint, I, e. , it accounts for aE tolerance buildups between the 
antenna structure rotating joint Interface to the anteima struoture stibarray intorfaoo. 

A potential rotating Joint and support structure at the MPTS antenna/SPS interface 
might look like Flg*uro 4-8. 

Besides the ablEty to rotate 360-dQgrees to track the sun, the ablEtj' to point the MPTS 
antenna at various locations on the earth can be aoeorapEshed by linear adjustment 
devioos (like screw jacks) at either the support tripod to pi'iraary space polygon (node) 
Interface or by making the vipper and lower member's in die support boom adjustable to 
allow tilting the rotating pivot joint (see Figure 4-8). 

The supijort structure diat attaches the MPTS antenna to the SPS la very similar to die 
type of oonstmotlon used to build the MPTS primary struoture. Triangular struts 
oould be used for the support tripod. They would be attached to the primary struoture 
at three of the six hard points on die lower surface of the common space polj'gon. 
Wliere those triougvilar support beams join togotiior at the rotating joint, diey form a 
hexagonal shape with unequal length sides similar to the joint discussed in Section 2,2 
fbr the primary struotures diagonal struts (see Figure 4-9), 

Pointing control may bo aooorapUshed by a variety of methods as has been sliown In the 
prooeedlng sections. The MPTS antenna baseUne design can aoQommodata most of 
them very oaslljf. The primary' struotur’os space poly-gon, where aE the struts attaoh, 
is a "hard point," It lends ItseE to mounting attitude oontrol thrusters, eto. , then to 
distribute die load thr*oughout the stiff geodetic structure. Idkowlso an annular 
momentum control device (AMCD) such as the one developed for NASA Langley Ke- 
soaroh Center by Ball Brothers B ©search Corp, , and later modified by Sperry Flight 
Systems (see Figure 4-10) would flt nicely Inside the primary space polygons. The 
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DARK AREAS ARE 
SUPPORT STRUTS 



shape of the polygon stnicture being hexagonal pi'ovldes 
six hard points to attach the magnetic suspension system 

4. 5 CONTROL TECHNIQUES MATRIX 

Having considered countering gravity gradient and 
pointing as somewhat separable problems, this section 
will address appropriate combinations of tlie two. A 
summary of the combinations is shown in Table 4-2. 



Figure 4-9. Support struts 
to rotating joint interface. 


The countcnveight teclmique can be combined with 
direct drive, angular momentum exchange, or reaction 
control. The large mass of the counterweiglit is a dis- 
advantage and more control power wiU be needed be- 
cause of the resulting larger moment of inertia. Al- 
though coxmterwelght teclmlques are not ruled out, they 
are not considered prime candidates. 

Reaction control for countering the environment is 
actually more massive than the counterw'eight when the 
integrated 30 year propellant is considered but may be 
somewhat more practical since all of the propellant 



Figure 4-10. Annular momentum control device being tested at 
Sperry Flight Systems following modifications. 


Table 4-2. Control teoliniqu.es matrix, 


GKAVTTY 

GRADIENT 

COUNTERING 

TECHNIQUE 

POINTING TECHNIQUE 

DIRECT 

DRIVE 

ANGULAR 
MOMENTUM 
■ EXCHANGE 

REACTION 

CONTROL 

COUNTER 

WEIGHT 

GOOD PERFORMANCE POTENTIAL BUT MASSIVE 

REACTION 

CONTROL 

NOT 

COMPATIBLE 

GOOD PERFORMANCE - IVIASSIVE 
30 YR PROPELLANT REQUIREMENT 

LARGE 

AMCD 

NOT 

COMPATIBLE 

GOOD PERFORMANCE BUT HAS 
RIM FABRICATION QUESTION 

MECHANICAL 

ACTUATOR 

MECHANICAL 

CABLE 

GOOD 

PERFORMANCE 
UNRESOLVED 
HARDWARE 
& TOWER 
QUESTIONS 

NOT COMPATIBLE 

NO DEFINABLE BENEFIT OVER 
DIRECT DRIVE 

MAGNETIC 

MASSIVE Si HAS OCCULTATION PROBLEM - 
RECOMMEND NO FURTHER CONSIDERATION 


need not be In place before operation of the SPS begins. If resupply is practical, re- 
action control may be a better candidate than the counterweight. Direct drive point- 
ing is incompatible with this approach, but either angular momentum excliange or re- 
action control pointing should perform quite well. Angular momentum would provide 
the smoother system, but the propellant for reaction control pointing would probably be 
noise level compared to the amount needed to counter gravity gradient, 

A large AMCD sized to interact with environmental torques so as to precess at the 
rate required for the daily rotation will perform very well with either momentum ex- 
change pointing or reaction control pointing. However, this is a questionable candidate 
because of possible problems of fabricatin g a 1. 0 Km diameter rim in orbit which is 
balanced and which can talce the required spin loads. 

The mechanical actuators for both environmental torques and pointing appear to be one 
of two most promising approaches. Questions remain, however, about interaction 
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and iaterfe-oe with the towex* and about suitable large actuators for 30 years of space 
operation. 

Using meohanioal cable for emdronmental torques and pointing is the other very pro- 
mising approach. Again, tower interactions and interfaces need further study. Cable 
dynamics have caused problems in some past closed loop systems and especially 
careful study should be given the dynamics of cable, antenna, and tower interaction 
before selecting the cable technique as a baseline system. However, if the dynamics 
problems can be resolved, this approach offers the payoff of maximum simpUoity and 
minimum weight. 

4. 6 SPECmCATION FOR STRUCTURAL MODIFICATIONS 

The speciHcatiou controlling the structure used to attach the various control devices 
and the MPTS support tripod beams will be the same as for the basic MFTS structure 
(reference App'ndtx). 

The sizes of the structural elements wiE of course vary significantly. But in an effort 
to simplify the In-orbit construction task, it would be logical to use the same beam 
building method, construction techniques, joints, materials, etc. as are used in the 
construction of the MFTS structure. 


4-18 




Report No. CASD-NAS-78-011 


FINAL REPORT 

ACHIEVABLE FLATNESS IN A LARGE 
MICROWAVE POWER ANTENNA STUDY 

(DRL Item No. 2) 





a 


5. TASK 5 - MATERIAL PROPERTIES 


Prepared under 
Contract No. NAS9-15423 
for 

National Aeronautics and Space Administration 
LYNDON B. JOHNSON SPACE CENTER 
Houston, Texas 77058 


Prepared by 

GENERAL DYNAMICS CONVAIR DIVISION 
P.O. Box 80847 
San Diego, California 92138 


5 


TASK 5 

MATERIAL PROPERTIES 


5.1 COEljTICIEm' OE THERMAL EXPANSION 

Use of composite materials tvith near-zero coafEiciant of thermal expansion is critical 
to the corstmction of thermaEy stable structures. Laminates can be tailored to get' a 
theox'etical GTE of aero at one. temperature by use of mixtures of fibers, crosspHes, 
and varying fiber content. Although the mean value of a series of composite parts may 
be near zero, the individual parts have CTEs -which are distributed about the mean. 

The effects of the statistical distribution of CTE have been found to be more significant 
than those of the average value in the achievable flatness for the MPTS. The more 
different materials used in the composite, and the reliance on critical fiber content or 
crossply angles to achieve zero CTE may actually increase the variation in CTE of 
indi-\tidual specimens about the mean. 

Pseudoisotropic GY-70/X-30 is an example of a grapbite/epoxy material with inherently 
low coefficient, typically “0,04 p/m/C (-0.02 pin./in,/P), For the SPS structures, it 
can be assumed that a materials development program will yield a more efficient com- 
posite than GY-70/X-30. It would have higher E, lower CTE, lower cost, and less 
dispersion in composite properties. Since it cannot be used at the anticipated opera- 
tional temperatures of the MPTS, it is not recommended. However, it is being used in 
similar dimensionally stable space stinictures, and statistical CTE data is available for 
this composite. Its material properties pro-vlde a convenient baseline for this study. 

Table 5-1 lists the measured CTE for 45 samples of GY-70/X-30, This data was 
accumulated for 10 batches of prepreg fiber. To be more specific, each value should 
be associated with a temperature, or be said to represent the average CTE for- a parti- 
cular temperature range. 

In general, the values shown are for moderate temperatures. Actiially CTE for graphite/ 
epoxy is relatively independent of temperature, so lumping the values in the table is 
reasonably valid. On the basis of these measurements, the predicted CTE for pseudo- 
isotropic GY-70/X-30 is -0. 033 F/m/C (-0, 021 pin. /in./E) with a standard de-viation of 
0.072 (0.040). 

As stated above, CTE for graphite/eposy is usually relatively constant with temperature. 
We calculated the temperature dependency of CTE for GY-70/X-30 pseudoisotroplc 
material. The temperature dependent CTE function is: 
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CTE(T) =A(T - 70) + B 

where: A is a random variable with mean = -2. 30E-6 and standard deviation 
o-a = -2. 52E-4 

B is a random variable with meanfo.|j = -2.29E-2 and standard deviation 
= 2, 71E-2 

T is in degrees Eahrenheit, and CTE has units of fiin./in,/F 

i 

Table 5-1. Pseudoisotropic GY-70/X-30 average 
coefficient of thermal expansion. 


Lot No. 

|j./m/C* 

(pin. /in. /P) 

Lot* No* 

p/m/C"* 

(pin. /in,/P) 

6B-90 

-0. 103 

-0. 057 

6B-90 

-0.059 

-0. 033 ■ 


-0. 077 

-0.043 


-0. 040 

-0. 022 


-0.061 

-0, 034 


-0. 027 

-0. 015 


-0. 049 

-0. 027 


-0.000 

0. 000 


0.036 

0.020 

6C-37 

-0. 018 

0.010 


-0.094 

-0.052 

5D-2 

-0. 049 

-0. 027 


0.009 

0.005 

4B-98 

-0. 077 

-0.043 


-0.045 

-0. 025 

5C-48 

-0.099 

-0. 055 


-0.005 

-0.003 

4C-66 

-0.144 

-0.080 


0.018 

0.010 


-0.108 

-0. 060 


-0.067 

-0.037 


-0.092 

-0.051 


-0. 121 

-0. 067 


-0. 133 

-0. 074 


-0.104 

-0.058 


-0. 083 

-0, 046 


-0. 167 

-0. 093 

4C-79 

0.041 

0. 023 


0.004 

0.002 


0.036 

0.020 


-0. 108 

-0.060 


0,068 

0,038 


-0.027 

-0.015 


0.029 

0.016 


-0.077 

-0. 043 

HEAD 

0.173 

0. 096 


0.013 

0.007 


0.148 

0. 082 


-0.099 

-0.055 


-0.034 

-0.019 


-0.050 

-0. 028 


0.050 

0.028 


-0.040 

-0.022 

4D-17/18 

-0.126 

-0. 070 


-0. 005 

-0, 003 





*Measurement Accuracy is 0, 02 (+ 0, 01) 


This model adjusts the CTE for temperature, and also incorporates the predicted dis- 
tribution as a fiinction of temperature. The variation of mean value of CTE is very 
small with temperature, but the distribution broadens as the temperature moves away 
from the reference 70F. A lOOP temperature change doubles the effective standard 
deviation in CTE, This analysis was conducted in English units to be compatible with 
the test data. The jBnal result is interpreted in metric units. 
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ORIGINAL PAGE IS 
OF PCX)R QUALrrY 


The coefficients A and B were computed from 29 CTE measurements of batch 6B-90 
GY-70/X-30 composite for which microstrain vs. temperature data was available. 
Figure 5-1 shows straight line segments connecting the data points. The starting 
microstrain value is arbitrary since only the slope of the curve has significance. In 
Figure 5-2, a best fit (least squares) parabola: 

a (T- 7 a )2 + b (T-70) + C 

was fit to each specimen's data points. In Figure 5-3, only a (1-70)2 + 5 (X-70) was 
plotted. This normalizes all the curves to 0 microstrain at 70F. The mean and 



TEMPERATURE CF) 


Figure 5-1. Original test data — 29 specimens (Al/L versus 
temperature for GY-70/X-30). 
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Figure 5-2. Smoothed original data makes use 
of best fit quadratics. 


standard de\’lation of a and b were than determined. In Figure 5-4, |j.^ (T-70)~ -r 
(T-70) was plotted. TMs shows the stability of CTE over a moderate temperature 
range since the slope is essentially constant. In Figure 5-5, A(T-70)“ + B(T-70) was 
plotted where A and B were determined by use of and a random number 

generator. Twenty-nine cases of random A and B were generated to simulate the dis- 
tribution of experimental CTE in Figure 5-3. We believe that use of this model gives 
the most accurate estimate of the types and magnitudes of thermally induced distortion 
for the MPTS in the operational environment. 
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original page 



Figure 5-3. The smoothed data is then normalized to 70F, 


The coefficient of thermal expansion is then the temperature derivat- c of the micro- 
strain curves. The mean value of CTE, and the anticipated range of values anticipated 
for a large sample at any temperature is illustrated in Figure 5-6. 

The microstrain measured in the determination of CTE is small, typically less than 10. 
The measurement requires the use of a laser interferometer or comparison of specimen 
length to the length of a calibrated standard. In the latter approach, a laser beam is 
deflected by a mirror balanced across the specimen and reference. The former method 
is very accurate, but difficult to use in routine CTE measurement. The latter method 
has been used to measure the specimens analyzed in this section. There is consider- 
able scatter in the data due to the measurement procedure. The true distribution of 
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Figure 5-4. Best fit quadratic for 29 specimens. 

CTE can be expected to be less than tbe measured distribution. This approach, which 
■was developed to determine average CTE and not necessarily distribution is accurate 
for that purpose. Use of a laser interferometer to measure the distribution of a laige 
sample would be the more accurate method. 

There are other considerations, however, which must be talien into account before a 
material is considered to be fully characterized as to thermal stability for use in the 
SPS structures. These include changes in CTE with time, under load, after thermal 
cycling, after thermal shock, and if applicable after exposure to moisture and dnTng 
cycles. All of these effects are being investigated. 
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Figure 5-5. Example of random microstrain predicted 
for 29 additional samples. 

5. 2 STRENGTH AND MODULUS 

A relatively large sample of GY-70/X-30 specimens, both unidirectional and pseudo- 
isotropic, is available for analysis. The objective of the analysis is to determine 
the statistical distribution in tensile and compressive strength of the composites and 
the elastic modulus. MD-.-HDBK-5 specifications are then appUed to determine 'TB 
Allowable” values for these composites. In this study, the material properties of 
GY-70/X-30 are used as typical of the G/E which will probably be available for use 
in SPS fabrication. The fiber itself would be suitable for the MPTS application — 
except for cost. The resin system does not meet mar* mum operational temperature 
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CELSIUS (C)‘ 


GTE = f (C) = 


CTE = f (T) 


- 4. 12 X 10 

+ 4. 88 X 10“® G 
-12 

-7,45x10 (C-21.2) 


4- 8, 16 X 10 " (C - 21. 1) G 


-2.29x10 

+ 2.71 X 10~® G 
-12 

-2.30x10 (T - 70) 

+ 2.52 X lO"^^ fT - 70) G 


Where G is a random ganssian variable with zero mean and unity - 
standard deviation. 


Elgure 5-6. Random, temperature dependent model of 
CTE for pseudoisotropic GY-70/X-30. 







regtaremeats. Lower cost JEibers (e. g. pitoli fibers) are becoming available, and 
high temperature resiu systems are also in use. The statistical properties of these 
advanced composites are not expected to be very different from the GY-70/X-30 
baseline composite. 

The accumulated strength and modulus data for GY-70/X-30 is listed in Table 5-2, 
hi Table 5-8 the moan of the sample, the sample standard deviation, s, and the 
number of specimens in the sample, m, are reported. 

In order to establish design allowables it is neoes^sary to have data adequate to re- 
present the current process capability of a material. Normally, a minimum of 100 
individual measurements are required. These data should contain measurements 
from at'least 10 production batches or lots from each of a majority of the major pro- 
ducers of the material. ITor materials on which there is little background informa- 
tion or the scatter in properties Is great, more data is required. If possible, data 
from more than one test facility should be used. 

These test requirements are difScult to meet for graphite/eposy materials. For 
GY-70/X-30, the fiber GY-70 is made by one manufacturer, the resin X-30 by another, 
and there presently are no alternative sources. The prepreg is made by a third 
organisation, then the layup and cure by a fourth. Variation in procedure at any 
point in the manufeicturing process can cause a significant charge in the material 
properties. 

For the manufacture of SPS graphite/epoxy components, many manufiaoturers will be 
involved but also uniform process specifications will be used, and the statistical 
di.stribution of properties will probably be better tMn that reflected by the data in 
Table 5-2. 

In the design of aerospace components, the "B Allowable" is a mechanical-propei’ty 
value above which at least 90 percent of the entire population of values is expected to 
fall with a confidence of 95 percent. That is, the confidence is 95 percent that at 
least 90 percent of the entire population would exceed the "B" values; determined by 
X - ks. The coefficient "k" is the one-sided tolerance factor for a normal distribution. 
Values for k are computed fcom noncentral t-distribution for n-'l degrees of freedom. 

A table of k(P, O.Vo, n) is given in MIL-HDBIC-5, pages 9-76 to 9-81, 1 September 
1971. Using this table, for P= 0. 90 ("B" Allowable), the values of k are determined 
for Table 5-3. The B allowable, x - ks is then shown for strength and modulus. 

Since tliis method requires that the dist^ Ibution of die variable is normal, ah alterna- 
tive method of computing B allowable is given in MIL-HDBK-5, page 9-82, which Is 
valid for any distribution. The data is rt peated here in Table 5-4. 

The measured values are ordered from low to high. The table is entered at the 
largest value of n equal to or less than the sample size. The value of the 'r’th 
specimen counting from the lowest value is the best estimate for B allowable. The 


ox-s 



LOT NO, 


6B-90 

6B-9D 

&B-90 

6B-90 

6B-90 

66-90 TAG ENOS 

68-90 TAG ENDS 

68-90 TAG ENOS 

68-90 TAG ENDS 

68-90 TAG ENOS 

68-90 TAG ENDS 

68-90 TAG ENOS 

68-90 TAG ENDS 

6B-9D TAG ENOS 

68-90 TAG ENDS 

68-90 TAG ENDS 

6B-9D TAG ENDS 

6C-37 

6C-37 

6C-37 

50-2 

50-2 

50-2 

SHIPMENT k 
48-98 SHIPMENT 4 
43-98 SHIPMENT- 4 
48-98 SHIPMENT 2 
4B-9B SHIPMENT 2 
48-98 SHIPMENT 2 
40-98 SHIPMENT 1 
4B-9B SHIPMENT 1 


unidirectional 


ftu 

ET 

UT 

ECU 

EG 

UG 

FTU 


93.4 

46.7 

.310 

64.9 

41.1 

.270 

35.1 

15.6 

94.fi 

47.8 

.300 

83.3 

4S-1 

.?4Q 

26.9 

14-3 

81,7 

46.5 

.300 

81.6 

41.2 

.230 

33.3 

14.7 

83.6 

47-3 

.310 

86.6 

43.0 





— 

99.9 

46.0 

.330 

65,1 

41.6 

• 330 







— 




— 



32. 1 

14.1 









31.0 

15.5 


— — 





26.6 

15.9 

— 





— 



37.1 

15.5 

— 




— 





41.8 

16. 2' 






— 


32.5 

15. 5’ 








— 

35.2 

15.3 


— 





— 

36.7 

15.1 







34. 8 

14.8 

■* ET n 

— — 







37,3 

X S'* U 

16.0 

— — 

— 

— 

— 




37.8 

15-5 

96.6 

45.8 

- 




— 

32.0 

13.8 

113.2 

46.1 






32.8' 

14.1 

84. D 

47.0 







36.1 

15.1 

119.1 

46.3 


— 


— 

37.8 

16.1 

120 .7 

47.9 



— 

— 

— 

37. 0 

15.6 

114 .1 

46.5 

— 


* 


37.4 

16.4 

146,9 

46.7 

— 

— 

— 

— 

32. 3‘ 

15.7 

147.7 

45 .1 


— 


— 

33.8 

15.6 

143.5 

46.0 







141.5 

48 .2 

— — * 





50^‘6 

15.8 

133.5 

47.2 

fi A ? 



— . 


43.2 

15.9 

j / # O 

87 .5 

m C 

47,4 

.330 

105.6 


— *--p 

43.4 

16. 8 





Hi*. 7 






ISOTROPIC" 
ut ecu 


,3sa 
. 320 
. 300 


36. B 
33.5 
? 7.6 


EG 

4.4.2 

13.7 

14.0 


UG 

.320 
.27 0 
.27D 
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Table 5-2, Strengfli and modulus of GY-70/X-30. (Cont'd) 


07/31/70 STRENGTH ANO MODULUS OF G¥-70/X~30 


LOT NO, UNIDIRECTIONAL ISOTROPIC 





FTU 

ET 

UT 

FCU 

EC 

uc 

FTU 

ET 

UT 

FCU 

4B*-98 

SHIPMENT 

1 




95.1 


.1. 





4B-9B 

SHIPMENT 

1 

119,7 

52.1 

.340 

107.9 





49.9 

16,3 



40-90 

SHIPMENT 

1 

103,2 

46.6 

.310 

110.5 

— 

— — 








33-80 



96 .0 

45,0 







26.4 

13.0 

.33 0 

— - 

3B-80 



127 ,6 

45.8 

— 


— 

— 

30.0 

14.3 

.290 


30-88 



131.0 

45.0 






3 3.1 

14.1 

.320 


4A-13 









1. 1. ^ 

16.3 










"“’*'*** 

H C 



4A-13 



— 

— 

— 

— » 



38.7 

15.8 

— 


4A-37 


' 

63.3 

47.0 





— 

30.6 

13.6 

W iMP4M 


4A-37 



97,4 

45.9 

— 

— r» 

— 


31-2 

14.4 

— 


4A-37 



7D.6 

46.9 

-- — 



— ' 







4A-48 



66. Q 

47,6 

— 


— 


27,6 

14.5 



LA-.jB 



80 .9 

46.7 

— 





33. 6 

f5,6 

— 


4A-46 



02,2 

48.0 



— 











4A-61 



68.4 

46.8 




* 



35.3 

16. 9 



4A-61 



103.5 

48 .4 

— - 

— ~ 

— 



33.6 

15.9 





4A-61 



101.7 

50.0 





— «— 





4A-65 



103.9 

45.0 


— 





43.4 

16.2 





4A-65 



109.6 

46.0 

— — 



— 

— 



— — . 


4A-65 



121.0 

45.2 






— ^ — 


— 



4A-S2 



129.5 

44.8 


— 





31.2 

14.9 

— — 


4A-8Z 



131.0 

44.4 

- — - 





34.1 

15.2 

— — 

, 

4A-52 



108.4 

46 .6 

— 



- 



— — 

1 

— 

— 

4A-37 



135.4 

40 .7 







40.4' 

15.6 




4A-87 



91.4 

40.2 



* 


41.0 

14. 8 



4A-B7 

* 


116,1 

49.4 

— 


— 

— 


— 


- 

4B-12 



159.6 

47,1 

— 







36.2 

13.0 

— 


4B-12 



13Q .6 

47.7 



— - 


— 

39.3, 

15.2 

— 


4B-12 



140.9 

47.3 

M ^ ^ W 









4A-99 



119.4 

44.8 





— 

42.5 

17.^ 



4A-99 



110.0 

45-4 


— 

— 

— 

41.7 

17.0 






Table 5"2. Strength and modulus of GY-70/X-30, (Cont'd) 


07/31/78 
LOT MO. 


ifA-99 
QC PANELS 
aC PANELS 
QC PANELS 
QC PANELS 
QC PANELS 
QC PANELS 


STRENGTH AND MODULUS OF GY-70/X-30 


PAGE 3 


UNIDIRECTIONAL* 


oi 


58-63 

5B-63 

58-63 

58-63 

50-63 

58-63 

PANEL M-4 

PANEL M-4 

PANEL H-4 

20-51 

20-51 

20-51 

4C-66 

<tC-66 

i+C-66 

4C-B6 

4C-B6 

4C-66 


FTU 


ET 


UT 


FCU 


EC 


UC 


FTU 


'ISOTROPIC 

ET UT FCU EC UC 




6A-76 

129,4 

51.1 

.240 

6A-76 

103.7 

53.7 

,295 

6A-76 

113. D 

51.4 

.270 

5C-40 

155.1 

50 f5 


5C-40 

145.3 

52.9 


5C-40 

156.1 

50.2 

— — 


113.1 

105.4 

112.6 

131.0 

127.8 

96.6 


51.5 
45.2 
51.1 
45.0 
45. D 
43 .0 


► 270 

,210 

.200 

.250 

,310 


1D6-5 

104.4 

105.0 

07.5 

95.0 

97.2 


45-0 

46.5 

40.0 

49.0 
46.5 
46.7 


39.0 

16.1 





42.0 

16-2 







— 

33.7 

15- D 


— 





31-9 

15-7 



— — 

— 



36.6 

16,3 





38.7 

15-2 





— 


42-6 

17.0 


— 

-- p.*.* 


48. 1 

17.1 



— 


— 

36.5 

16. 2 

.320 

1— 



38. 0 

14.3 

.370 







ii6.3 

. 3SB 


— — 


3B.7 

17-2 

.370 

— — 

— 



4a.fi 

14.3 

.275 


— 

< . M — Jill 

36.4 

15.4 

.300 








— 

— 

36.3 

15.0 

— 


— — 


35.6 

14.9 


— 

— 

*- — 

34.1 

14.7 


— . — 

— 

— 

38-fl 

16,0 





^ 

— 

34.4 

13.6 



— 


34.2 

13.7 
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Table 5-2. Strengtli and modulus of GY-TO/X-SO. (Cont'd) 


07/31/78 STRENGTH AND MODULUS OF GY-70/X*-3fl PAGE ^ 

LOT NO. UNIDIRECTIONAL ISOTROPIC — 



FTU 

ET 

UT 

FCU 

EC 

UC 

FTU 

ET 

UT 

FCU 

EC 

UC 

4C-66 





102.3 




^ 




33.5 

13.5 


4C-66 





97.9 

— 






34.5 



4C-66 

— 





101.6 




— 



35.1 

14.6 



4C-56 





104, 0 








?4.3 

14. Q 


4C-66 


— 


96.1 

— 

— 






33.2 

14.8 


4C-66 

— 


— 

87.6 









34.3 

14.0 


4C-79 


— 

— 



42.0 







31.0 

12.0 


4C-79 






90.9 

44.0 


— 



— 

39.0 

14. G 


4C-79 


— 

— 

1£I9.9 

41.5 





— 



30.9 

12o5 

— 

4C-79 



— 

— 

104. 8 

43.5 









38.4 

13.0 


4C-79 



— 

108. 0 

42.0 









37-8 

13.6 

— o o 

4C-79 


™ 


106.4 

.42.0 

— 

— 

■ 

— 

34.7 

13-7 

— 

40-18 


— — 






41.4 

15.6 



34.8 

14.0 



40-18 

— 

— 

— 

— 

— 

— 

41. 5 

16.2 



— 


— 81 

40-18 



— 

— 

— 

— 


42.6 

15.1 




— 


40-40 


— 







48. 9 

17. 0 

— 

32,3 

14.0 


40-40 







47.6 

15.6 




— ' ss 

4D-4D 




— 


— 


44.8 

16.0 






40-18/19/40 



— 





— 

33.5 

16.4 


35.0 

13^0 

— 3- 

40-18/19/40 



* 





... 

40.7 

17.0 




K t 

40-18/19/40 

— 






— 


40. 0 

16.0 



M4tP MM 


43-36/37 

— 


— 


— 



47.3 

J.6.7 


36.B 

13.6 


40-36/37 



— 

— 

M mm ^ 



42.2 

15.3 






40-36/37 





— 

^ 



47. S‘ 

15.7 


— 




40-38/39 





— 

— 

— 

46.7 

15.4 

* — * 

32*5 

13.4 

— 

40-38/39 




— 




— — 

43.4 

15.5 



M ^ 


40-38/39 

— 

— 





— 

47.6 

16. 8 






40-36 TO -39 

— 

— 

— 

— 

— 

— — 

47-1 

17-7 

p— p* -■ 

^D.7 

13.7 


40-36 TO -39 

— 






— 

— — 

37.7 

14.? 

— .. 




40-36 TO -39 

— 






— 

- 

45.7 

16.2 





40-41/42/43 

— 

— 

— 

— 

— 



43.8 

15.0 


33.5 

14.9 
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Table 5-'2. Strength and modulus of GY-70/X-30. (Cont'd) 


07/31/76 STREHGTH AND MODULUS OF GY-70/X-30 PAGE 5 

LOT WO. UHIOIRECTIOHAL — — ISOTROPIC— 

FTU ET UT ECU EG UC FTU ET UT FCU EC UC 

UD-itl/U2/U3 40*7 16. Z 

40-41/42/43 46. « 16-2 

40-44/45 42,7 16.1 36.4 14.6 

4D-44/45 38.9 17-4 

4D-44/45 45.1 16.6 — — 

40-41 TO 45 41-0 16.6 36.2 15*9 

40-41 TO 45 44.2 16*6 

40-41 TO 45 47-4 17.1 

40-94 22.8 14-4 

4C-94 29-1 15.6 

4C-94 29.9 15.2 

50-9140-91 38.8 16.4 

5D-914D-91 39.7 14.8 

50-9140-91 39.7 15-4 — - 

4E-17 3 6.2 15.1 

4E-17 43. fl 15.3 — - 

4E-17 42.2 15-9 

4C-94/4D-91/4E-17 30.5 15.9 

4C-94/4D-91/4E-17 29.2 

4C-94/40-91/4E-17 27.8 

TAG EWO SPEC. 41.9 

TAG EUD SPEC. 41.3 

TAG END SPEC. 37.2 

TAG ENO SPEC. 41.4 ‘ 16.4 

TAG £HD SPEC. 42.1 16,9 

TAG EHO SPEC. 39.1 l6.D 

54-73 36. 0 14.1 

5A-73 31.2 14-8 

5A-73 36.2 17-5 

5A-73 38-5 15-7 

5A— 73 — 35. Q 15-5 —— — — ~ — — 


sx-s 


Table 5-2, Strength and modulus of Gy-70/X-30. (Ooncl'd) 


07/31/78 STRENGTH AND MODULUS OF GY-70/X-30 PAGE 6 


5A-73 

)T NO. 

FTU 

UNIDIRECTIONAL 

ET UT ECU 

EC 

UC 

FTU 

33.6 

ET 

13.3 

-ISOTR 

UT 

QPIC— 
‘ FCU 

PP»<pp».iW>* 

EC 

UC 

5A-16 



— 

— 




— 

35. 1 

— 

— — 




5A-16 






“ 


28.8 







5A-16 








— 


— - — 

34.2 

— - 



*r — * 


— pppr^ 

4E-46 









29.9 






LE-46 


— 

— 








3747 








4E-46 




— 

— 





— 

29.9 





- — - 


~~ 

TAG ENDS 

HEAO 

— 









26.0 

17.5 





TAG ENDS 

HEAO 



— 







30.5 

17.0 


JMHP^ 



TAG ENDS 

HEAD 

— 

— 








24-8 

16.5 






TAG ENDS 

HEAD 



— 

— 


— 

42.1 

16.6 






— — 

TAG ENDS 

HEAO 



— 



— 





40.1 

17,2 

— — * 





TAG ENDS 

HEAO 

— 



— 



— 

— 

41*6 

17.0 

- 





40-17/18 


107.2 

49.8 



— 



— p — 

36.1 ‘ 

15.3 

— PP-^ 


— 


4D-17/18 


111.9 

50 .6 




— 



36. a 

16.0 





-r— — 

40-17/18 


109.1 

50-2 

— 











40-88 


136.4 

48-0 



— — — — 


38.6 

14. e 





Ipw IMP pp mm 

40-08 


130.2 

48.8 

— - 




-- -- 

^0*7 

15.1 

-- *“ 

-P«.PPP 



40-88 


143*1 

48.5 


— 




— 






C8-416 


71.2 

47.7 





— 

- 


— 




— -- 

C8-416 


87.7 

47.3 

— — — 

— 

— 



— 




— • 

p^-p-pp-.. 

^ pp ^ 

C8-416 


81.5 

44.9 





*-p--p 


— — "p 

■ ^ — 




C8-352 


91.6 

44.8 



— 


— — 

— 

— — — 

•- 

WP^MPPP 

M-WP 

— . 

C8-362 


87.3 

45.2 







— • — 
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Table 5-3, Statistical properties of strength and xnotlulus of GY-70/X-30 


LOT NO. UNIDIRECTIONAL ISOTROPIC 



FTU 

ET 

UT 

FCU 

AVERAGE VALUEjx 

110-3 

A7.3 

-291 

97.2 

STANDARD DEVIATION, s 

22.53 

2.39 

.0 36 

12.76 

NUHBER OF SAMPLES^ n 

7h 

74 

16 

27 

TOLERANCE FACTOR, k 

1.572 

1.572 


1.811 

B ALLOWABLE ^ 

7A.9 

43.5 


74.1 

B ALLOWABLE^ 

77.9 

43.8 


N/A 

1. NORMAL DISTRIBUTION, x-ks 

2. DISTRIBUTION UNKNOWN, RANK 

METHOD 





EC 

UC 

FTU 

ET 

UT 

FCU 

EC 

UC 

44.0 

.293 

37.8 

15.7 

.320 

35.2 

14. Q 

.287 

2-56 

.052 

5.65 

• 96 

.023 

2.34 

. 89 

.029 

17 

4 

12ft 

iir 

24 

30 

29 

3 

2.002 


1.496 

1.506 


1.777 

1.788 


38,9 


29.0 

14.2 


31,0 

12.4 


N/A 


28.4 

14.1 


30.9 

12,0 



Table 5-4. Hanks, r, of observations, a, for an unlmowa distribution 
having the probability and confidence of A and B values. 


' B Bjisis 


B Basis 


B Basis 



r 

n 

r 

n 

r 


■ 




29 

1 

321 

24 

1269 

110 

46 

2 

345 

26 

1376 

120 

61 

3 

36S 

28 

1483 

130 

76 

4 

391 

30 

1590 

140 

S9 

5 

413 

32 . 

1696 

ISO 

103 

6 

436 

34 

1S03 

160 

116 

7 

459 

36 

1909 

170 

129 

8 

481 

38 

2015 

180 

142 

9 

504 

40 

2120 

-'190 

154 

10 

560 

45 

2230 

200 

167 

11 

615 

50 

2330 

210 

179 

12 

671 

55 

2430 

220 

191 

13 

726 

60 

2530 

230 

203 

14 

781 

65 

2630 

240 

215 

15 

836 

70 

2730 

250 

227 

16 

890 

75 

2830 

260 

239 

17 

945 

SO 

2930 

270 

251 

13 

999 

85 

3000 

277 

263 

19 

1053 

90 



275 

20 

1107 

95 



293 

22 

1161 

100 




agreenaent is reasorably good between the two approaches. The latter approach is 
probably more valid because the sample sizes have not been large enough to get good 
approximation to a normal distribution. 

5. 3 SHORT TERM DDVEENSIONAL STABILCTy (UNDER TRANSIENT THERMAL 
CONDITIONS) 

As part of on-going programs for the shuttle Remote Maneuvering System (RMS) arms 
and the Thematic Mapper, Convair has recommended opticalAaser interferometric 
measurement techniques for evaluating dimensional stability of components. These 
same techniques, with only minor adaptation for size and, perhaps, remote operation, 
are applicable to this study. 

5.3,1 RMS ARMS ~ Thermal expansion tests are performed to determine the coef- 
ficient of thermal expansion along the length of the test sp«!Cimens. Both Arm Boom 
Test Composite assemblies that completed thermal vacuum tests are subjected to 
Thermal Expansion tests as follows: 


1. The Lower Arm Boom Test composite is fitted with, 3/8 inch altiminum adapter 
flanges with provisions for m\-antmg mirrors to each flange. Both optical 
mimrors are sprir® loaded to the respective aluminum end flanges. The front 
mirror has two 3/8 inch diameter holes through which the laser beams pass to 
reach the rear mirror. The distance between the mirrors is monitored by the 
built-in sensor of the Hewlett-Packard Model 5526A Laser Dilatometer system 
capable of measuring changes in the test specimen length within + 1 x 10® inches. 

2. The test specimen assembly is installed in a test setup similar to that shown in 
Figure 5-7 with the test specimen suspended inside the environmental chamber 
by means of a vibration isolating suspension system. 

3. The pressure of the vacuum chamber is reduced to 1 x 10“® torr and maintained 
during thermal expansion testing. 

4. The test specimen is cycled through a sequence of: 

— 1 hour @ 75F 

— Increase to +232F| stabilize 1 hour 

— Decrease to -240F; stabilize 1 hour 

— Return to 75F; stabilize 1 hour. 

At each temperature level measure and record the length of the test specimen. 



TEST SPECIMEN - LOWER OR UPPER ARM 
WRAPPED WITH HEATER TAPE FOR -r232F 


Figure 5-7. RMS; typical thermal expansion test setup, 

5-18 





^.)RlGiNAL PAGE IS 
OF POOR QUALITY 


5. Calculate and record the change in the length of the test specimen foom its 
length at +751? and the specimen length at the three temperatures of v232F, 
-«100F, and -240F. This AL data is used to calculate the coefSlcient of thermal 
expansion. The following formula is used to determine the coefficient of 
thermal expansion: 


Coefficient of Thermal Expansion = ' in,/in-/F 

JL 

L = Length of test specimen at 75F (inches). 

AL - Change in length of specimen at t 232F, -lOOF and -240F. 
AT = Change in test specimen temperature from 75F. 


5. 3.2 THEMATIC MAPPER — A similar procedure, with a test setup adapted to the 
different configuration of the mapper, is used, as follows: 

1, Install two mirrors on the test specimen at points A and B, as shown in Figures 
5*<8 and 5-9, by use of spring clamps. The mirrors are used to measure longi- 
tudinal thermal expansion of the test specimen. The distance between the 
mirrors is monitored by the built-in sensor of a Hewlett-Packard Model 5526A 
laser dilatometer. 


NOTES: (1) Mirror locations at the scannermirror 
i-nount(A) and the optic bulkhead CB>* 

(2) Accelerometer locations are at positions 
1 tlirough 6, 

(3) Accelerometer No. 3 to be centrally located 
on tite bulkhead along the Y axis. 



Figure 5-8, Thematic Mapper; thermal expansion test setup. 
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2. The test speciraen is installed in a test setup similar to that shown in Figure 
5-8, The test specimen is suspended in a teniperature-vacuum chamber by 
means of vibration isolatir^ suspensions. An aluminum ring is attached to the 
forward end of the support cone to simulate the thermal expansion constraint 
of the mounting ring. 


3. Cycle the test specimen temperature ten times in the following sequence. This 
temperature cycling is to stabilize the thermal expansion of the test specimen: 

a. Room ambient 

b. vl65F 

c. +5F 

d. Room ambient 


4. Decrease the chamber pressure to 10 microtorr and maintain it during thermal 
expansion testing. 


5. Perform the daily schedule of temperature cycling and measurement as specified 
in Figure 5-10, After each temperature change, allow the test specimen to 
temperature stabilize for two hours before each measurement. Measure the 
test specimen with the dilatometer as shown in Figure 5-^^, Record the results. 


6. After the completion of the temperature test of step (4), allow the chamber 
pressure and temperature to return to room ambient conditions. 
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Figure 5-10. Temperature cycling schedule. 

5.4 LONG TEEM DIMENSIONAL STABILITY (UNDER STEADY LOAD CONDITIONS) 

Experiments are currently underway at General Dynamics/Convair to measure the 
long term dimensional stability of graphite/epojq? laminates under tension loading. 
Long specimens (60 inches) of 8-ply GY-70/X-30 pseudoisotropic laminates are being 
loaded at about 25 and 50% of ultimate tension load. Measurements of the relative 
motion of two points, 36 inches apart, in a uniform stress field is obtained using dial 
gages. A spacer of ultra low expansion (ULE) glass provides a means of obtaining 
these measurements. These tests are being conducted under controlled conditions of 
temperature and humidity, so that these factors have no influence of the behavior of 
the test specimens. Unloaded control specimens serve to identify any environmentally 
induced behavior that might occur. 

The purpose of these tests is to determine long term creep characteristics over a 
period of several months, limits of such creep behavior, permanent set, if any, and 
time required to stabilize after removal of load. 

Additional creep tests that are indicated include compression, bending and shear load 
conditions to evaluate the influence of stress state on the long \ dimensional 
stability of graphite/epoxy material. 
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TASK 4 

TECHNOLOGY PLAN 


This study has indicated several areas in which technology developments are required 
in order to support a 1987 new start commitment for the SPS, A 3- to 4-year program 
is indicated {see Figure 6-1). As a follow-on to these developments, or, at least . 
after some basics have been established, a farther set of areas relating to on-orbit 
operations can be projected. Typically, these include (Figure 6-1); 


MAJOR EVENTS & ACTIVITIES 


PROGRAM OVERVIEW; 


PREFERRED C0NCEPT(S) SELECTION 

PROGRAM RECOMMENDATIONS 

CRITICAL TECHNOLOGY AREAS 
(SUMMARY) 


PROGRAM COMMITMENT 

FLATNESS STUDY RECOMMENDATIONS; 


DYNAMICS STUDY 

MATERIALS/PROCESSES 

DEVELOPMENT 

MATERIAL PROPERTIES 

ZERO-TOLERANCE JOINTS 

lOOON BEAM DEVELOPMENT 

PROOF OF CONCEPT DEMONSTRATION 
ARTICLE 


SPS DEVELOPMENT; 


ORBITAL ASSEMBLY TECHNIQUES 
& SUPPORT EQUIPMENT 

SURFACE FIGURE/CRITICAL DIMENSION 
MEASUREMENT STUDY 

AUTONOMOUS SENSING & TOLERANCE 
CORRECTION SYSTEM STUDY 



Figure 6-1. Overall technology development schedule. 
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• Ox'bltal asseinbly tecLoiques and support equipment. 

• Surfeoe figiu’e/oritical dimension measurement, 

• Autonomous sens^ jg and toie ranee corx’ectioa. 

Tlxese are not cousidex'ed to be within the scops of the present discussion. 

6.1 TECHNOLOGY areas 

6. 1. 1 DYNAMICS/CONTROL TECHNIQUES — The influence of gravity gx-adieut on 
antenna control has been found to be unexpectedly severe because of the great dis~ 
tance from the antenna to tlie SPS center of mass. As a x-esult, the control problem 
chatted fi’om that of a conventional space attitude control system for a freely floating 
body to one where gi-avity gTadient accommodation was the principal concern. Since 
the techniques other than direct support carx’y severe mass penalties, direct support 
should be evaluated in more detail. Whereas this study concenti-ated on the antenna 
itself, an early study is required which considers the mounting of the anten©a and the 
tower as a single problem. Lower dynamics large actuators, cable systems, and 
combined geometiY need to be considered in greater detail to assure that dix'ect sup- 
port of gravity gradient forces and direct drive for pointing are indeed low-risk 
solutions. 

6. 1.2 MATERIALS — Material development to achieve a near zero coefficient of 
thermal expansion with a very high modulus of elasticity (E). While Convair has 
acliieved GTE in the 0.04 x 10“6 cm/cm/C range udth isotropic GY-70/X-30, the E 
is only n, 2 x lo9 N/m^. Techniques to achieve the same low GTE with an E of 21 
to 28 X 10^ N/m^ should be investigated, 

6.1.3 STRUGTURES TEGHNOLOGY — • Although the MPTS antenna structure could 
be manufactured using current technology, additional technology developments should 
be directed to improved efficiencies in botli the coustx'uction '•nd operation of the 
system. 

The iMPTS antenna stxacture wil’ require additional studies and fiirther advancements 
in space manufacturing of large beams, thermal coatings that maintain their stability 
over 30 yeax’S, assembly and service teclxniques for the overall structux-e, and im- 
px'oved ground analytical techniques and methods for simulating static and dynamic 
properties of lax'ge structures in space. 

Specific items i-equiring attention are: 

• Zex’o-Tolerance Joints 

• 1000 Newton (Low Force) Beams 

6.1.4 PROOF OF CONGEPT (POC) DEMONSTRATION MODEL - A POO model is 
required to combine technology developments and SPS/MPTS structural concepts. It 
then serves as a test bed and demonstration article for dynamic response, 
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environmental testing, materials, fabrication process proojBLng, and member instal- 
lation and handling. 

6.2 DETAILED TECHNOLOGY PLANS 

6. 2, 1 DYNAMECS/CONTEOL TECHNIQUES — This study has found that gravity 
gradient acting on the MPTS antenna creates an environmental torque vshioh reqviires 
massive techniques for countering unless direct mechanical support is used for the 
antenna. By designing the antenna and support structure such that the center of mass 
of the combination is on the principal long axis of the solar collector, the gravity 
gradient torque is taken up in the mechanical support and not transmitted to the solar 
collector. The first bending frequencies of the antenna and the solar collector are • 
sufficiently separated frequencywise that no mmsual bending/control system inter- 
action problems should exist if the antenna support structure is considered to be rigid. 
However, the support will not be infinitely rigid and it is unknown what constitutes 
sufficient rigidity or whether any unreasonable penalties arise from achieving that 
rigidity. The support stiffness requirements cannot be based on linear considerations 
entirely since the excitation of bending modes by breakout friction is a potentially 
major problem in achieving sufficiently accurate pointing. 

Three candidate direct support/direct drive configurations are defined as follows 
(see Eigure 6-2): 



GIMBAL/PIVOT 


TWO ACTUATORS, 
PIVOTED BOTH ENDS 


360“ GIMBAL/ 
ACTUATOR 


(1) GlMBAt SYSTEM 




FORCE SERVOS 
& CABLES 


360° CLOCK 
DRIVE 


(25 CABLE DRIVE SYSTEM 



FORCE SERVOS 
& LINEAR 
ACTUATORS 

360“ CLOCK 
DRIVE 


(3) LINEAR ACTUATOR DRIVE SYSTEM 


Figure 6-2, Candidate systems for direct support/ 
direct drive. 
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1- Gimtoaled — a coa.Yertfclonal gimbal arrangement “with tlie antenna supported 
along the x-asis mth limited freedom of rotation. The half-ring gimbal is 
supported at the base by an unlimited Y rotation actuator. All actuators are 
of the rotary type with flex leads transnoitting the pou'er across the elevation 
actuator bearings and brushes or slip rings for the azimuth drive, 

2, Cable Drive — The antenna is pivoted on a single central ball with three cables 
for positioning the antenna in two limited degrees of freedom. The support is 
a single dog-legged tower with a clock drive at the base. Power is transmitted 
across the ball via flex leads. Brushes or sKp rings are used in the clock 
drive. 

3. Linear Actuator — the antenna is pivoted on a single central ball with two linear 
actuators used for positioning the antenna in two limited degrees of freedom. 

The dog leg tower and the clock drive at the base are the same as for the cable 
drive concept. 

The basic objective of the effort is to determine the feasibility of constructing MPTS 
antenna support structures which could provide a suitable base for direct mechanical 
pointing of the antenna to 1.4 arc minutes with non-idealized actuators. 

Task li Parametric StifEness Analysis 

Perform design studies to identify design techniques and weight penalties for achievir^ 
varying degrees of stiffness In each of the thx'ee candidate antenna support configura- 
tions, The studies will include two or more techniqiies of tyii^’ the antenna support 
into the solar collector and the corresponding stif&iess and weight characteristics. 

Task 2 } Parametric Pointing A.nalysis 

Perform dynamic studies to identify the relative merits of the three candidate pointing 
techniques as to their pointing potential. Factors to be considered include estimated 
friction differences, actuator to antenna stiffness , actuator attachment local st iffn ess 
and solar collector stif5iess. 

Task 3; Pointing Simulation 

Based on the results of Tasks 1 and 2, select and refine a point design for more de- 
tailed ev^aluation. Perform computer simulation to establish pointing accuracy 
potential at various levels of pivot and actuator frictions. Simulation will include as 
a minimum support structural dynamics, estimated solar collector structural 
dynamics, actuator dynamics, and all identifiable friction sources. 

Task 4: Requirements Definition 

Establish required minimum allowable friction levels to achieve 1. 4 arc minutes 
pointing of the antenna as a rigid body. Conduct studies and surveys to establish 


tlie feasibility of achieving the reqjoired friction, levels. Establish antenna support . 
structure stiffness requirements and the attendant weight penalties, if any. 

The feasibility, or lack thereof, of accurately pointing the MPTS antenna by simple 
direct drive techniques should be established during Calendar 19*79 (Pigure 6-3). 
Should additional resolution of the issue be required, there will then be time prior to 
1987 to consider alternate approaches such as active damping of the support structure. 


ACTIVITY/EVENT 

SCHEDULE (MONTHS) 

HOURS 

D 


3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

TASKl: PARAMETRIC 
STIFFNESS 
ANALYSIS 

TASK 2: PARAMETRIC 
POINTING 
ANALYSIS 

TASKS: POINTING 

SIMULATION 

TASK 4: REQUIREMENTS 
DEFINITION 




■ 

■ 








480 

480 

640 

320 

1,920 HR 

1 




I 

1 




r” 

_ 





1 

1 

1 

1 

1 


1 

1 

1 

1 

1 

TC 

)TAL 

L_ 


Pigure 6-3. Dynamics study summary schedule. 


6. 2. 2 MATERIAL AND PROCESS SELECTION — Large quantities of high-tempera- 
ture graphite composites are required for the fabrication of MPTS structures. We 
know the operational environment, and required service life. The building of large 
structural elements will occur probably in LEO, and handling loads are predictable 
for the transport and assembly into the completed structure at GEO, Pitch fiber/ 
polyimide composites, either thermoplastic or thermosetting, are prime candidates 
for this application, however, there are many options within these general categories 
as well as replacement matrices which could be developed to better meet the MPTS 
requirements V 

The selection of the process is inseparable from the formulation of the filber/matrix 
composite. Por a semi- to fully-automated process for manufacture of structural 
elements in space, process control should ensure that material properties of the 
completed parts are within tolerance. Combination of fiber and mati'ix, if accomp- 
lished in orbit, should not result in unusable by-products. The cure and/or forming 
operations should not generate waste, either as a by-product or in unsatishictory 
structural elements. Automated process control is required to monitor the produc- 
tion, detect out-of-tolerance conditions and talce corrective action without astronaut 
participation. 

Pigure 6-4 summarizes the approach to materials/process/fabrication analysis. 
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PHASE III 
-PBQDF OF COUCEPT - 


SEtECTED SPS 
UATEBIALS/PROCESSES 


PROOF OF COHCEPT 


* LOAOS 
.STlFFHtSS 

♦ OYNAMIC/THLRWAL 
STAEHLITV 

■ FORIVtAOES 

• I'ARTCSl FABRICATION 

• ASSEMBLY 


• RAW rJATERIAL 
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HANDLING 
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ACTUATION 

CONTROL 


ACCOMPLISHIJIG 

AUTOMATION 

ELEMENTS 


APPROAQl 






Figure 6-4. Material and process analysis study flow, 
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Tlie objectives of the first phase of this program are to determine the options of pro- 
cesses and materials that can be applied to the MPTS structure fabrication, the 
general performance of each option in terms of cost, energy requirement, availability, 
material properties, etc,, and then selection of the best candidate systems for a 
detailed comparison study. 

The second phase is a laboratory pi’ogram of development and testing of processes 
and material options ■with the objective of selecting the prime candidate system. This 
program will inol'ude planning of proof-of-concept shuttle experiments. 

The final phase will include pilot-plant production of materials, and simulated and in- 
space febrication of major components of the MPTS structure. 


Program schedule is shown in Figure 6-6. 


ACTIVITY/EVENT 

SCHEDULE (YEARS) 

HOURS 


L 

? 

3 

PHASE!: 

TASK 1; CHARACTERIZE SPS 
STRUCTURAL 
ELEMENTS 

TASK 2: DERIVE MATERIAL 
REQUIREMENTS 

PHASER: PROCESSES 

— 

m 
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DYNAMICS 
THERMAL 
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MATERIALS 
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ANALYSIS 
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MFG DEV. 
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TASK Is MODEL DESIGN 
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TASK 4; MODEL ASSEMBLY 
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& OPERATION 




1 
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1 

TOTAL 
1 1 

24,960 HR 


Figure 6-5. Matarials/processes development schedule. 


6. 2, 3 MATERIAL PROPERTIES — Pitch fiber is a good candidate for SPS structure 
febrioation because of its potential sa'vings in cost and energy over conventional poly- 
acrylonitrile (PAN) fiber. Currently it lacks a-vailability and quality has not been 
consistent. It shovxld be available in larger quantities and with more uniform pro- 
perties within a year, 

Pol 3 dmide matrix systems are usually recommended for applications requiring ele'va- 
ted operating tempei*atures. Polyimides may alle-viate the high temperature problems, 
but introduce others, Grapliite/polyimide composites require special care in fabri- 
cation to get repeatable composite properties. They are susceptible to voids and 
delamination, and uncertainty in their thermal stability. 
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Very little material property data is a-vailable for this fiber/resin system. The 
objective of this task Is to characterize a representative pitch Ebar/polyimide com- 
posite for potential application to the MPTS support structures. 

A test flow diagram is shown in Figure 8-6, Prepreg material is assumed to be 
available from one or more suppliers. Prepreg material is evaiuated for percent 
resin solids, resin flow, percent volatiles and hardness time/temp erature. An in- 
frared scan is made of one extracted matrix sample from each batch to ensure that 
no chemical change has been made in the resin system. Visual inspection of quality, 
such as fiber strightness, gaps, lamina thiolmess and irregularities is made. 



Figure 6-6, Test flow diagram. 


For the destructive Fij.^ and Fqu tests, a minimum of 6 specimens is recommended 
for each test condition and for each batch of material tested. Measurement of CTE 
would benefit from a larger sample, e.g, 12 specimens for each test condition, A 
group of samples could be used to determine the CTE over the operational range, 

100 - 200C (212 - 392F), then the average CTE to shadow (liquid nitrogen) tempera- 
ture. After a number of cycles from full-sun operational temperature to dormant 
shadow temperature, the CTE measurements would be repeated to detect nonrevers- 
ible structural changes. 

Other samples would be thermally cycled over the orbital extremes, then Frp-^j and 
Fqu determined. Since E>j> and Eq are important to flatness, these could be 
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determined before and after thermal cycling. C?TE specimens could be used to 
determine strength and modulus after GTE tests are completed. 

Thermal capacity and conductivity are included because of their importance in simu- 
lation of the temperatures of the MPTS structure. 

A period of 2 to S months would be required at the beginning of the program for 
material specifications, ordering and procurement. Formalization of the test plan 
would also be accomplished in this time. 

All of the tests considered here except creep could be accomplished in a short time, 
perhaps six months. GTE measurement would be the pacing item since limited 
numbers of laser dilatometers are available. Gonvair has developed a 4-specimen 
dilatometer that will expedite measurement of larger sample sizes. 

An important consideration, and one not easily satisfied, is the measurement of long 
term miorostrain. The composite is required to maintain dimensional stability under 
load, and at elevated temperatures. Some test specimens should be prepared and 
placed under stress in an arrangement where microstrain can be monitored. 

A summary schedule is presented in Fjfeure 6-7. 


ACTtVITY/EVEMT 


SCHEDULE (MONTHS) 


6 


81 9 I lOl 11 tl2 


HOURS 


TASK 1: 

PREPARE 

MATERIAL 

SPECIRCATION(S) 

TASK 2: 

MATERIAL 

PROCUREMENT 

TASK 3: 

RECEIVING/ 

INSPECTION/PREPREG 

CHARACTERIZATION 

TESTS 

TASK 4: 

FABRICATE TEST 
SPECIMENS 

TASK 5: 

CONDUCT PROPERTIES 
TESTS 

task 6; 

DOCUMENTATION 


240 

320 

560 

480 

2,560 

160 


MATL 

240 

TEST 

320 

MATL 

160 

ENGR 

80 

SHOP 

240 

MATL 

720 

ENGR 

400 

TEST 

1,440 


TOTAL 4,320 HR 


Figure 6-7, Material properties summary schedule. 


6.2.4 ZERO TOLERANCE JOINTS — Multi-jointed tetrahedral truss structures are 
subject to potential surface distortions caused by manufacturing tolerance buildups at 
individual truss member intersections. Structures with free-play or slack in their 
joints do not respond to thermal, static or dynamic loads in a linear manner. In some 
cases joint foee-play may completely alter load paths and hence structural response. 
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Early in tlie assembly of a tetrahedral truss, a stable configuration is reached. 
After this point, if additional struts are not of perfect length they must be stretch 
or shortened to fit the available space and thus induce fabrication loads and defon 
tions into the structure. Such loads can be quite high, greatly exceeding the strer 
ability of an EVA crew member, and will necessitate the use of a jack-like tool to 
apply the required installation force. 

To alleviate these design deficiencies some form of zero tolerance joint will be re- 
quired to attach adjacent stjuts at their common intersection points. 

Eigura 6-8 summarizes the study activities and task flow required to arrive at a 
rational joint design which will address these problem areas. 



Figure 6-8, Joint study flow diagram. 


Task 1: Requirements Review 


Review member configurations, materials and alignment systems to define generic 
types of joints and requirements for each type. Assembly techniques and associated 
tools and support equipment will also be considered in this review. 


Task 2; Joining Techniques Evaluation 


Review typical joining techniques: 
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— Solid State Welding - Cold Welding 

- Dif&isioix Weldir^ 

- Ultrasonic Welding 

— Electronic Beam Welding 

— Resistance Welding 

— Laser Welding 

— Brazing 

— Adhesive Bonding 

— Mechanical Fasteners 

Evaluate techniques for parameters and characteristics such as outgassing, residual 
stress/distortion, loose materials (fasteners, debris), weld quality, joint quality, 
power requirements, operations (EVA, tools, support equipment). 

Task 3: Material Selection Trade 

Review member materials and evaluate joint materials for compafifaility, workability 
and net contribution to dimensional stability. 

Task 4; Joint Predesign Study 

Develop joint predesigns for various member configurations, loads and tolerance 
requirements. 

Task 5: Joint Trade Study 

Evaluate the joints designed in Task 4 for feasibility, complexity, support require- 
ments, and on-orbit fabrication/assembly. Select one or two candidates for further 
development. 

Task 6: Technical Support 

Provide stress, weights, dynamics, thermal, tooling and manufacturing support for 
Tasks 1 through 5. 

Task 7: Design Full-Scale Joints 

Conduct detail designs of candidate joints and attaching structural members;' level to 
be of sufficient detail for production operations. 

Task 8; Fabricate Development Parts and Subassemblies 

Fabricate a sufficient quantity of detail parts and subassemblies to conduct production 
process proofing tests (approximately 6 of each type of joint). 
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Task 9; Develop Assenibly Processes 

Ass^ of yaristiou in processes (e.g., practical limits of weld 

scMd^esj aed conduct sitaple structuxal tests to select optimum process. Define 
tooling:requixed for assembly operations. 

- jrpterSucb tools would then become the subject of a separate development program, 
^ask iO: Pabincate Parts and Subassemblies 

fabricate a set of parts and subassemblies for each type of joint to be qualified. 
Design refinements, derived in other tasks, would he incorporated. 

Task 11; Assemble Qualification Test Model(s) 

/ 

Using the processes developed in Task 9, assemble joints of each type for use in the 
qualification test program. 

Task 12: Conduct Joint Qualification Tests 

Perform typical qualification tests of the selected joints tmder load, as follows; 

— Tension — Thermal Cycling 

— Compression — Thermal Expansion 

— Bending/EuckliDg 

A siimmary schedule for joint development is shown in Figure 6-9. 

6.2, 1000 NEWTON BEAMS —The possibility exists to design a structure that will 
not e*J:oerience the large thermal loads when th'S antenna is in the all-cold condition. 
Assui. Lng this design is selected, the structural beams could be reduced firom their 
present size to possibly as little as a beam designed to carry only 1000 Newtons. The 
"1000 Newton Beam" follow-on program would investigate candidate materials, sizing 
of beam, manufacturing and handling of beam in space, and joining methods including 
the possibility of having a spring-loaded detent joint that allows load relief at say 950 
Newtons to prevent catastrophic failure of the beam. 

The task flow for this study is shown in Figure 6-10. 

A potential joint design may incorporate a spring-loaded detent that would be designed 
to move if the load on the beam exceeds a set amount. One such joint design is shown 
in Figure 6-11. This consists of a strut end with slopes in two directions to a center 
detent groove. Balls are inserted and held in place by a spring-loaded collar. If an 
excessive load is applied the balls roll out of the detent and expand the outer spring. 
When the load is reduced the spring forces the balls back into Ihe detent. 
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ACTIVJTY/^VEIJT 


SCHEDULE {MONTHS) 


1 2 3 4 5 6 1 7 3 9 10 11 12 13 14 


15 


16 


17 


18 
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i-* 

03 


PREDESIGH : 

TASK i: REQUIREMENTS REVIEV/ 
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3: MATERIAL TRADES 
4: JOINT PREDESIGNS 
5: JOINT TRADES 
6: TECHNICAL SUPPORT 

ENGINEERING MODEL DEVELOPMENT ; 

TASK 7: DESIGN FULL-SCALE JOINTS 
(W/ASSOCIATED MEMBERS) 

8. FABRICATE DEVELOPMENT 
PARTS SUBASSEMBLIES 

9: DEVELOP ASSEMBLY 
PROCESSES & IDENTIFY 
REQUIRED TOOLS 

10; FABRICATE PARTS £1 
SUBASSEMBLIES 

11: ASSEMBLE QUALIFICATION 
TEST MODEUS) 

12: CONDUCT JOINT 

QUALIFICATION TESTS 


f-SELECT PREFERRED JOINTS 


80 
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Figure 6-9, Zero-tolerance joint development schedule. 
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Flg\U'© lOOON boau: studj' task flow. 



Flguve 0-U. Overload safety de\doe for 1000 Newton beams. 


Another form of protection for the lOOON ti'usa member uses tension onlj* elements 
to preload the tetx'atresa when under oi^ratlng: thermal loads. Figure 0-12 shows a 
plan \dew of the 000 struts of the primary stnioture, in tlUs example, a CTE of 
-0, Oas e/C (- 0,021 e.l^) was used for all stimts except the 80 edge struts that form 
the perimeter. These were set at CTE of -l.OS €/C (-0.00 fi/F), A uniform 
temperature rise of lllC (200F) was used to applj' a thermal latd. The edge mem- 
ber's simulated unidir'eotlomU cables, Members in tension are lllustrsited as oominu- 
ous lines, and the members in compression by hUemipted lines. 

tn the stitdjf, {Ui optimum prttoru of preload cable luembers could bo determined so 
that at operating tom(>eraiures the structure would be a t\\lVv redundant totvatruss. 

At temporatxiros below minimum oiwrating conditions, the tension cables would slacken. 
The romalnUig struts would be the minimum number to maintain configuration. The 
structure would defoi'm, but be esseuttalVv stress-free tn the cold state. 
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Substitution of cables for redundant struts would facilitate assembly at nonoperational 
temperatures in a relatively stress-free condition. 

6. 2.6 PROOF OF CONCEPT DEMONSTRATION MODEL - A Proof Of Concept (POC) 
model is proposed to demonstrate the MPTS antenna elements. As shown in Figure 
6-13, a combination of bays from both primai^r and secondary structures is recom- 
mended. This will demonstrate, at a subscale level, typical bays and their constituent 
structural elements, joints, connections and materials. It will also demonstrate 
installation and interfe.ce controls between primary and secondary structural elements. 

A summary plan for development of the model is shown in Figure 6-14. The corres- 
ponding preliminary schedule is presented in Figure 6-15. 

Task 1: POC Model Design 

Prepare drawings for: 

— constant length primary structure surface struts and diagonal members for 
3-bay stractural assembly. 

— constant length secondary structure surface struts and diagonals for two 14-bay 
structural assemblies. 
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Figure 6-13, Pi'oposed POC demoQStration model. 
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Figure 6-14. POC demoostratioa model plan. 

— 3-bay primary structure spider assemblies, including both front and back of 
spiders. 


14-bay secondary structure spider assemblies. 
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Figure 6-15. POC demonstration model development schedule. 
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structural assembly of 3-bay primary structural assembly and 14-bay second- 
ary structural assembly, 

— modulus to simulate subarray panels, including installation on secondary 
structural assembly. 

— demonstration model assembly. 

Task 2; Model Scaling and Gages 

Perform dimensional analysis and scaling of the tetrahedral truss elements for the 
demonstration model. 

Task 3j Fabricate and Assemble POC Model 

• PROCUREMENT — Provide procurement assist to engineering in procuring raw 
material/purohased parts and subcontracted hardware items, 

• TOOLING — Provide tool design and tool manufacturing support during model 
component fabrication and assembly. Prepai'e tool orders and planning docu- 
ments. 

• MANUFACTURE — Fabricate 3-bay primai’y structural members (struts and 
diagonals) from graphite/epoxy material. 

— Utilizing mandrels, lay up graphite/e paxy materials in accoi'dance with 
engineering design. Vacuum bag laid up part, cure in autoclave, debag and 
trim. 

— Fabricate simulated subax'ray panel modules in accordance with engineering 
design. Perform subassembly of modules. 

— Fabricate attitude control moclmp and load point pads, 

• ASSEMBLY — Assemble 3-bay primary and 14-bay secondary structural 
assemblies utilizing shop aid assembly fixture and procure parts (spiders, 
pins, etc.) and raw material (tubes). Assemble MPTS demonstration model, 
including installation of simulated subarray panels. Attach attitude control 
and load pads. 

• QUALITY CONTROL — Provide receiving-inspection services to engineering 
during material/purchase parts procurement cycle. Provide inspection support 
during fabrication of tools and MPTS model detail parts fabrication and assembly. 

Task 4; Test Plan 

Prepare a detail MPTS demonstration model test plan which will Include test environ- 
ments, conditions, etc, to prove the concepts wMcb the model is intended to demon- 
strate, These include simulation of structural and attitude control systems. The 
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plan covers testing to be performed at the contraotox’'s facility, as ■well as those to 
be conducted by NASA in oonjunction with other SPS/MPTS demonstrations. 

Task 5; Contractor Test Program 

Typical tests include attitude control responses, natural frequency modal survey, 
static and dynamic Ipacte, deployment, assembly, and utility of support tools and 
equipment, and environmental tests. 

Task 6: NASA Test Program 

Contraotor wilL provide support, as required, for NASA test program. 
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1.0 SCOPE 


This specification defines the performance criteria, environmental, manufacturing, 
test, handing, and shipping requirements for the microwave power antenna structure, 

2, 0 APPLICABLE DOCUMENTS 


The following documents form a part of this specification lo the extent specified herein. 
In the event of conflict between the documents referenced herein and the contents of 
this specification, the contents of this specification shall be considered the superseding 
requirement. 

Specifications 

jVnL-A-83577 Assemblies, Mechanical for Space Vehicles, Design and 

75 Jun 15 Testing Requirements, General Specification for 


FED-STD"209B Clean Room and Work Station Requirements Controlled 

73 Apr 24 Environment 


MIL-STD-153S Spare Parts and Maintenance Support of Space and Missile 

73 Apr 11 Systems Undergoing RDT&E 


MIL-STD-810B Environmental Test Methods 

78 Jul 31 

Chg 4, 70 Sep 21 

JSC-07700 Space Shuttle Specs — System Payload Accommodation 

Vol. 14 


MIL-STD-889B Dissimilar Metals 

76 Jul 07 


S-32-061, GSFC General Environmental Test fov Geosynchronous Spacecraft 

Oct, 69 (Updated) 


S-320-G-1 • General Environmental Test Spec for Spacecraft and 

Oct. 69 Components 


X-325-67-70 


GSFC Magnetic Field Restraints for Spacecraft Systems and 
Subsystems 


X-325-71-438 


Supplements — Subsystems 


other PubUcattOQS 

NASA-SP-R-0022A Vacuum Stability Requireraeuts of Polymeric Material for 

Spacecraft Applicatiou 

MIL-HDBIC-5 Metallic Materials and Elements for Aerospace Vehicle 

Structures 

Other Documents 
Drawing No. 

Spec Control Drawings 

xx-xssx Interface Control Drawings 

S. 0 REQUIREMENTS 

5.1 PHYSICAL REQUIREMENTS 

It shall be the mission of tlte microw'ave power iintenna structure to provide a stable 
platform for mounting Idystron/'wat’eguide/thermal radiator units (subarrays). Slope 
error of less than 3 arc minutes for each subarray is a primary requirement. 

In addition the antenna must be capable of stationiceeping, tmd have figure and pointing 
control. 

S. 1.1 ENl'ERFACES — An interface control drawing (ICD) (Drawing No. xx-xxxx) 
shall be prepared to describe the antenna assembly, its datum references, ;md volume 
available for support structure, mechanical x'eferences, and the structural attachment 
interface requii*ements for the primary stxmcture to gimbal and secondai'v stxTxctux*e to 
subaiway attachment. The ICD shall show the pliysical I'elationships between the 
antenna assemblies and the adjacent spacecx'aft structure and other components. 

3. 2 DESIG N REQlTREMEiTTS 

3.2.1 DESIGN ATTRIBUTES — Throughout the various stages of design, cousidex'a- 
tlon shall be given to the items listed below. 

a. Dlraeusional stability 

b. Maxxufaoturabllity 

c. Overall structural stiffness 

d. Mission life 

e. Stress mai'gin 

f. Serviceability 

3.2.2 STRUCTURAL REQUIREMENTS — The primax-y imd secondarj- stx'uctux'e, sub- 
iU'raj? snppoits, and the antenna assembly supporting sixmctux-e shall be shown by 
analyses to be capable of withstanding, or shall be protected against degx*adatiou in 
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fonctional perfoi'maace or oporation, the eaviromnents noted in this section. Factors 
for design purposes shall be introduced commensurate with the objectives of saiety, 
reliability, and producibility. 


Selected deliverable structure (hardware) shall be proof-tested, using a load which 
will be determined from stress analysis. 


3. 2.2.1 Mass Properties — The total antenna assembly weight, including the primary 
and secondary stracture, interconnecting hardware, and the subarray kinematic links, 
but not the sxibari'ay panels or their loose hardware, shall have a design target of 

1, 3M kilograms. 

3. 2. 2. 2 Center of Gravity — The center of gravity (eg) of the reflector assembly 
shall be computed (predicted) during the design phase. Selected components shall be 
weighed and their eg determined prior to assembly to verify the analyses. The loca- 
tion of the eg shall be referenced to the datums defined on ICD No, xs-xsnes. 

3. 2. 2. 3 Moments of Inertia (MOI) — The MOI of the reflector assembly shall be com- 
puted about 3 orthogonal axes through the eg. The MOI calculations shall be accurate 
within 5 percent. 

3. 2. 2. 4 Interchangeability — AU parts, subassemblies, and assemblies having the 
same part number shall be interchangeable with respect to form, fit, and function. 


3.2.3 IDENTIFICATION AND MAEKING — Each deliverable unit and each shipping 
container at the time of delivery shall be permanently identified to the extent listed on 
ICD No. xs-xxsx. 

3.2.4 SURFACE PROFILE — To achieve the primary goal of the antenna structure to 
maintain a pointing accuracy of within 3 arc minutes for the subarrays , the manufactur- 
ing/assembly tolerances, maneuvering accelerations, and thermal distortions aR need 
to be controlled. 

A total slope accuracy budget of 2 arc minutes is to be used as a design goal. The 
allocation of the above mentioned three major error categories are as follows: 

Arc Minute Budget 

1.5 

1,1 

0.7 


Manufacturing Tolerance 
Maneuvering Accelerations 
Thermal Distortions 


RSS Total 


1.99 arc min. 


SufflcieiLt iBfoi'matioQ shall be submitted to ascertain that the antenna design meets 
the above requirements. 

3.2.5 ACTIVE MECHANICAL ALIGNIVIENT PROVISIONS - It is preferred 

that the structure be constructed so as to meet the less than 3 arc minute error re- 
quirement without active oontx'ols. Their use as on alternative to the close-tolerance 
manufaotux'ing of antenna truss elements can be considered in addition to baseline de- 
sign using only "passive" adjustments to meet the x'equirements of this specification. 

(A passive adjustment is one that is required to be done only during the assembly/ 
manufacturing phase, ) 

3.2. 3.1 Subarray Adjustment and Mechanical Reference — The subarray support sys- 
tem shall incorporate provisions for an optimum position passive adjustment (one time 
only adjustment) of the location of the subarrays, and shall incorporate a method that 
will define this physical location for reference purposes after adjustments are com- 
pleted. The adjustment mechanism shall permit removal and reinstallation of a sub- 
array to the original 3 ai'c minute pointing accuracy. 

A system shall be provided for replacing an adjustment mechanism without losing the 
subarray's adjustment. 

3. 2. 5. 2 Surface Tolerance, Worst Case in Orbit — Considering manufacturing 
deviations and the worst case thermal distortion in orbit, it shall be shown b}' 
analysis and component tests that the requirements stated in this section will be met, 

3.2.6 i^NTENNA GEOMETRY — The baseline geometrj’ is shown in Figures 1 and 2. 

It is a two-tier structure cousisting of one large 10-bay primarx' and 61 smaller 14-bay 
secondary tetraliedral truss structures. The primary truss structure Is made from 
equal length truss struts joined at 60 degree surface angles at each node to form a flat 
surface. passive alignment sj^stem may be used between the primary and secondary 
structures to compensate for loss of surface flatness due to manufacturing tolerance 
buildup, etc, -A kinematic attachment metlrod is assumed necessary to accommodate 
thermal e.'cpansiou differences betw'een the primary and secondary structures. 

.A^ modification of the above attachment method may also be used for the subarray 
support system. 

Reference ICD No. xx--'Ksx for complete details of the antenna structure. 

3. 2. 7 ANTENNA iLA NUF A CTURING/ ASSEMBLY TOLERANCES — Manufacmrrng and 
assembly tolerances are the largest contributor to the rms slope error of the sub- 
arrays. 

The allowable budget amounts are shown in Table 1. These values assume a passive 
configuration, i. e. , no active adjustment control. 
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Table 1. Tolerance budgets 


Function 

Primary 

Secondary 

Subarray 

Spider Fabrication 

+ 0.030 

+ 0. 010 

N/A 

Strut Length 

+ 0.150 

+ 0.020 

N/A 

Alignment (Straightness) 

+ 0.030 

+ 0.010 

+ 0.010 

Strut Joint Slop 

0 

0 

0 

Actuator Joint Slop 

+ 0.001 

+ 0. 001 

N/A 

Measurement Tolerance 

0 

0 

0 

Miscellaneous (Assembly Tolerance) 

+ 0.050 ‘ 

+ 0.010 

+ 0.010 

RSS Subtotals 

0.1G4 

0.028 

0.014 ■ 

RSS Total 


0.166 in. 


Arc Min. Equivalent 

= 

1.49 


Pesign Goal 

= 

< 1. 5 arc min. ) 


3.2.S iMATERlAL PROPERTIES AND allowables 

3.2.S, 1 Sources — Material strengths and other mechanical and physical properties 
shall be from Seller's test data or other verified engineering development test values 
when appropriate. Strength allowables and otlier mechanical propei'ties used shall be 
appropriate to the loading conditions, design environments, and stress states for each 
structural member. 

3. 2. 8,2 Values — Allowable material strengths used in designs shall consider all of 
the effects of temperature and time associated with the design environments. Allowable 
yield and ultimate properties ai'e as follows; 

1. Tor Metals 

a. For single load path structures, tlie minimum gxiaranteed values (A values in 
MIL-HDBK-5) are to be used. 

b. For multiple load path structures, the 90 percent probability values (B values 
in MIL-HDBK-5) are to be used. 

2. For Grapliite 

a. For single load path structures, tlie minimum guaranteed (2 sigma) values 
are to be used for tension and compression strength based on test results, 

16 samples each. 

b. For multiple load path structures, the typical (average) values are to be used. 

Load Factors Limit Load Ultimate Load 


Flight loads 
Nonflight loads 


S-A 


1.0 

1.0 


1.25 

1.5 



8, 8 EJlYmONMENTAL REQXJIREI^IENTS 


3.8.1 SHIPPING, HANDLING AND STORAGE ENVIRONMENTS 

8. 8. 1. 1 Aatamia Hordwai'e In Sliipping/Stox'aga Containers — Tlio deliverable antenna 
liardware, wUen packaged In aooord with MIL-B-26195, shall be capable of warehouse 
storage for 5 years without degradation. 

The requirements of MIL-P-116E shall be incorporated for long’ term storage, 

8. 8. 1. 2 i^ntenna Hardware Out of Shipping/Storage Container — The degradation of 
the hardware projected through 5 years of storage and 7. 5 years in orbit based on the 
measurable degradation at the end of three years storage outside of tlie shipping/ 
storage container under the following environmental conditions, shall not degrade the 
performance of the antenna hardware below the spsoifioation requirements. 

1. Temperature: from +25 to +150R 

2. Humidity: less than 60 percent 

3. Sand, dust, fiingus, salt, and corrosive atmospheres: the unprotected reflector 
assembly wiE not be exposed to sand or dust, nor intentionally to fungus, salt, 
or corrosive atmospheres, 

4. Handling sliooks: accelerations and impacts applied to the antenna assembly 
through the handling equipment are not to exceed 1. 1 g. 

5. Vibration: not appUoable, 

3. 3, 1, 8 Handling Equipment for Deliverable Hardware — All equipment used to handle 
the deliverable hardware shall conform to MIL-S"S512B. 

8. 3. 1. 4 Support Eqvdpment — All equipmeut used to support the deliverable hardware 
shall oonform to h'HL~S-85l2B, 

3. 3. 1.5 Handling Provisions — Strong points shall be provided as suitable to allow 
transporting, assembling, supporting, hoisting, or otherwise handling the deliverable 
hardware. 


All completed hardware shall be protected against contamination and packaged In 
handling/storage containers. 

3. 3. 1, 6 Handling Load Factor — For general handling purposes during manufacture, 
assembly, test, hoisting, and erection, a resultant load factor of 2. 0 shall be con- 
sidered to act in any one direction. TMs load factor Is equivalent steady-state value, 
inclusive of dynamic effects, to be applied to all structural elemeuts simultaneously. 
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3.3.2 PRELATJNCH ENVIRONMEiSiTS AT THE LAUNCH STTE 


3. 3. 2.1 Temperature aad Humidity — Air conditioned temperatures range from +25 
to +100F; relative humidity v?ill he less than 60 percent until liftoff. Prior to air 
ooudltioning, the temperature range is from +25 to +150F. Prevention of condensation 
to protect thermal control surfaces shall be provided, 

3.3.3 BOOST AND ORBIT — The antenna hardware shall withstand the following 
specified boost and orbit environmental conditions without damage or degradation of 
performance (reference Table 2 for environmental condition tolerances). 

3, 3, 3,1 FUg'ht Profile — Figure 3 describes the expected flight profile for design • 
pnrposQS. Assume the space shuttle as a launch vehiole. 

The orbital parameters are also shown in Figure 3. 

Table 2. Tolerances on environmental conditions. 


Temperature 

+ 5F degrees 

Humidity (relative) 

+ 5 percent 

Acceleration 

+^ 5 percent 

Barometric pressure 

+ 20 pex’cent 

Sound pressure level 
(1/3 ootave band) 

+ 3 dB 

Sound pressure level (OSL) 

+ 1 dB 

Acoustic spectrum (1/3 octave 
band center frequencies) 

+ 10 pex'cent 

Natural frequency 

+ 1 percent 


These test condition tolerances shall not apply on un- 
defined ambient conditions. 


3, 0.3.2 STS Temperatures Dux’lng Launch and Orbit — The STS Orbiter is designed 
for attitude hold capabilities. During the 3-honr thermal conditioning periods, the 
vehicle holls at approximately five revolutions per hour (barbecue mode) about the X- 
axis with the orientation of the X-axis perpendicular to tlie Earth-Sun line witliin + 20 
degi’ees, or it can be oriented at preferred thermal attitudes. On-orbit thermal con- 
ditioning lasting as long as 12 hours (befoi-e tlie deorbit maneuver) is allocated for 
missions on wliich the thermal protection subsystem temperatures exceed the design 
limits associated with a single-orbit mission. 

Cargo temperatur’es for a typical flight are shown in Fignire 4. 

3. 3. 3. 3 Orbital Temperatiu’e Cycling — The antenna assembly shall be exposed to 
temperature cycles in orbit for 7.5 years minimum considering a maximum of 3600 
eclipses of approximately 60 minutes duration. 
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SEPARATION OF 
SOLID ROCKET BOOSTERS 
HEIGHT: 43 KM t2? MILES) 

VELOCITY: SI 70 KM.1IR (321S MPH) 




^’iNAL PAGE IS 
' QUALITY 



ORBIT INSERTION & 

CIRCUURI2AT10N 

HEIGHT: ISS KM (US MILES - TYP) 

VELOCITY; 28,300 KM^VIR (17,600 MPH) 



ORBITAL OPERATIONS 
HEIGHT 

m aoo - 600 miles) 

DURATION 
7 - SO DAYS 




ATMOSPHERIC ENTRY 

HEIGHT: 122 KM (75 MILES) 

VELOCITY: 23,100 KM.TIR 
(17,456 MPH) 


SlUiTTLE CHARACTERISTICS 
(VALUES ARE APPRO.KIMATE) — 

LENGTH 

SYSTEM: S6.1M(1S4FT) 
ORBITER: 34,1 M (122 FT) 

HEIGHT 

SYSTEM: 23,1 M (76 FT) 
ORBITER: 17.4M(S7FT) 

WINGSPAN 

ORBITER: 23.3 M (78 FT) 
WEIGHT 

GROSS LIFTOFF 

I. 99 MILLION KG 
(4,4 MILLION LB) 

ORBITER LANDING 
S4.3 THOUSAND KG) 

(IS? THOUSAND LB) 

THRUST 

SOLID ROCKET BOOSTERS (2) 

II. 8 MILLION NEWTONS 
(265 MILLION LB) 

OF THRUST EACH 

ORBITER MAIN ENGINES (3) 
2.1 MILLION NEWTONS 
(470 THOUSAND LB) 

OF THRUST EACH 

CARGO BAY 
DIMENSIONS 
1S.3M(60 FTILONG 
4,6 M (15 FT) IN DIAMETER 

ACCOMMODATIONS 
(UNMANNED SPACECRAFT TO 
EQUIPPED SCIENTIFIC UBS) 


LANDING 

C'SOSSRANGE 

c 2011 KM (a 1250 MILES) 
(FROM ENTRY PATH) 
VELOCITY 

346K\VHR(21S MPH) 



Figure 3. Typical launch and ascent profile. 
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Figure 4. Cargo ba,v thermal environment during the vihases of a typical flight. 
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3. 8.3. 4 STS Vibratioa — The estimated random vibration and appropx'iate exposure 
dui'ations for the cabin and midfuselage to payload interfaces caused by the fluctuating 
pressure loads are shown in Figure 3. The levels shown are typical of liftoff, tran- 
sonic flight, and performance at maximum aerodynamic pressure. The midfuselage/ 
payload interface vibration environment is based on the response of unloaded interface 
structure and should be considered the upper limit. The vibration inpitts at the inter- 
face will be reduced by addition of tlie payload and support structures between the inter- 
face and payload component. 

Vibration result! ug from acoustic spectra is generated in the cargo bay by the engine 
exhaust and by aerod 3 mamic noise during atmospheric flight. These predicted maxi- 
mums are illustrated in Figure 6, The data presented are based on an empty cargo • 
bay and may be modlfled by the addition of payloads, depending on their characteristics. 
Aerodynamic noise during entry is sigrdfioantly less tlian on ascent. 

3. 3.3.5 Thermal — A gaosynchrouoixs orbit with an altitude of 19,325 nmi and an 
ox'bit period of about 24 hours is specified for tlie large 1 km microwave power antenna. 
The anteona/solar arrajf system oiientation is such that tlie solar array is normal to 
the solar flux (maxlraum power generation) whereas tlie antenna is essentially pointing 
at the center of the earth (depending on receiver antenna location). For the thermal 
analysis, an angle of zero degrees between the earth-sun vector and the orbit plane is 
to be employed. This case yields maximum solar heating and thus highest tempera- 
tures for the subarray radiator panels. It also yields the maximum earth shadow time 
of about 1,15 hours. Reference XCD No. xx-xxxx for tliermal load information. 



Figure 5. Random vibration at midfuselage main longeron payload 
attachment points interface and in the cabin. 
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Figure 6. Analjrtioal pi'edictiou of ruELSimum Orbiter 
cargo bay acoustic spectra. 


3. 3. So 6 Steady State Solar niuiuination — The autenua system design shaE be capable 
of meeting performance specifiLoations when subjected to direct illumination for steady 
state thermal conditions with the sun incident on the antenna from any direction includ- 
ing shadowing by tlie adjacent structure and other elements (see ICD No. xx-sxsx). 


3. 3,3,7 Generated Emdronments — No Equid or gas which is corrosive, erosive, ex- 
plosive or noxious shaE be exhausted from the hardware. All materials shall be com- 
patible with an absolute pressure of 10“® tor*r for the test and tQj-j. foj. operational 

Efe. AU materials shall be selected in accordance with report GSFC X-735-69-471. 


S. 3.3.8 Pressure and Venting — With the vents open, the STS cargo bay pressure 
closely foEows the flight atmosphei'ic pressures. The payload vent sequencing 15? as 
foUows: 


Prelaimch 

Liftoff (T = 0) 

T + 10 seconds 
Orbit Insertion 
On orbit 

Preentry preparation 


Closed (vent no. 6 
in purge position) 
Closed 
All Open 
AE open 
All open 
AE closed 


Entry (high heat zone) 
Atmospheric (75,000 
+5,000 ft (23 + 1.5 
Ivilometei's)) to 
landing 

Postlanding purge 


AE closed 


AE open 
Closed (vent no. 
6 in pui'ge 
position) 


During the orbital phase, the cargo bay operates unpressurized. Pressures for other 
flight phases are shown in Figure 7. 
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ASCENT 


ENTRY 



S. 3«4 NATURAL RADU\TION EN\'‘IR0N1MENT — - The anteiina assembly shall bo de- 
signed to withstand tlie following radiation emdronnient and duration without damage, 
deterioration, or degradation of performance. 


Solar and trapped particle radiation for a minimum of 7. 5 years. The daily fluxes of 
trapped electrons and protons are given In Tables 3 and 4. The integrated solar proton 
fluenoe shall be as in Figure S, 


Table S, Trapped electrons. 

The time-avex'aged daily integral flux spectrum for trapped electrons is; 

Flux with energies greater than E 
Enersv fEl MEV Electons/cm^ - dav 


0.1 

0.439E12 

0.5 

0.316E12 

1.0 

0.72SE10 

2.0 

0.157E10 

3.0 

0.45SE9 

4.0 

0.149E9 

3.0 

0.509ES 

6.0 

0.1S0E8 
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Pigore 4. Tx*appad pi’otons 

The time-averaged daily integral flus spectrum for trapped protons is: 


Energy S'lEV 
0.4 
1.0 
4.0 

15.0 

50.0 

50.0 
100.0 
300.0 


Plus witJi energies greater than E 

Protons/om^ - day 

0.616E12 

0.115E12 

O.llOEll 

0.294E9 

0.501E8 

O.lllES 

0.S72E7 

0.SS7E6 


4. 0 QUALITY ASSURANCE PROVISIONS 

4. 1 GENERAL 

Dimensions, design featimes, material suitability, and functional requix’ements 
specified in this section shall be formally verified to establish the acceptability of tlie 
product. All testing shall conform to requirements of h'riL-C-46662 and 
hlEL-STD-SSl. 

4.2 INSPECTION 

Items not conforming to the criteria specified herein are to be submitted to Material 
Review, indixddual evaluation, and dis positioning by designated representatives. 

4.2.1 TOLERANCES — Compliance of the antenna assembly with every tolei-ance 
specified in this docximent or on ICD No, xx-xxxs shall be adequately demonstrated by 
Quality Control records. This proof of compliance ma 5 ' involve physical measux’ement 
of the manufactured items or, where appropriate, pi'oof that the tooUng will 
guarantee compliance. 

4. 2. 2 SPACE ENVELOPE — Pit check tooling shall be used to show that the antenna 
is within the limits of the space envelope, as defined on ICD No. xs-xxxx. Compliance 
with this paragraph shall be documented in Quality Control records, 

4.2.8 SOURCE INSPECTION — A resident source Inspector may be provided for the 
duration of product manufactxudng and testing. 

4. 3 QUALITY PROGRAM 

A formal Quality Assurance Progi-am shall be implemented. 
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4. S. 1 CALIBEATION — Records of the calibratioa of all test and measuring equipment 
used shall be generated and documented, in accordance "with document xx-xssx. 

4*3,2 INSPECTION AND TEST PROCEDURES Verification, acceptance inspection, 
and acceptance test procedures for the antenna hardware shaU be prepared and docu- 
mented by the subcontractor in accordance with document xx-xsxx. 

4. 4 PHYSICAL QUALIEICATION 

4. 4. 1 WEIGHT determination — The weight of each delivex’able component shall 
be measured with an accuracy of 5 percent. 


4. 4.2 CENTER OE GRAVITY DETERhONATION - The location of the total eg shall 
be calculated and shall meet the requirements of pai’s^raph 3, 2, 2,2, 

4.4.3 TESTING — STRUCTURAL 

4, 4. 3, 1 Acoustic Vibration — A qualification test unit will be required to withstand, 
without damage, the acoustic levels shown in Eigure 9, 

4, 4. 0.2 Environmental Test It shall be demonstrated that the equipment will meet 
all fimctional requirements when subjected to an environment which simvQates the 
effects of exposure for 7.5 years in the space environment given in paragraph 3.3.2, 

IE no data exists on substantially the same materials, samples of the actual ma t p^ riniB 
shall be tested in UV and in electron and proton beams to establish conformance with 
this section. 

Environmental testing shall be accomplished in accordance with MIL-STD-810B, 

4. 4. 3. 3 Loads Verification — Verification of the load-carrying capabilities of the 
deliverable hardware will be via a static load test. This load test will be performed on 
a representative deliverable package, and on a representative STS payload package if 
different than above. 

4. 4. 3 . 4 Eactors-of-Safety 


Condition 

Yield 

■Ultimate 

a. Ground Handling and Transportation 

1. Involving personnel safety. 

1.15 

1.50 

2. Where personnel safety is not involved. 

1.00 

1.25 

b. STS Elight Operations 

1. Involving crew safety. 

1.00 

1.40 

2. Where crew safety is not involved. 

1.00 

1.25 


G, Emergency Landing 
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1.00 
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0 63 100 160 250 400 630 1000 1600 2500 4000 6300 10,000 

ONE THIRD OCTAVE BAND CENTER FREQUENCY IN Hz 


ONE THIRD 
OCTAVE CENTER 


FREQUENCY (Hs) 

ACCEPTANCE 

QUALIRCATION 

SO 

122.0 

125.0 

63 

12S.5 

131,5 

SO 

12S.0 

131.0 

100 

127,0 

130,0 

125 

123.5 

126.5 

160 

119.0 

122.0 

200 

114.0 

117.0 

250 

109.5 

112.5 

315 

IOS.5 

111.5 


ONE THIRD 
OCTAVE CENTER 


FREQUENCY (Hz) 

ACCEPTANCE 

QUAUn CATION 

400 

107.5 

110,5 

500 

107.0 

110.0 

630 

106.0 

109.0 

SOO 

104.5 

107.5 

1000 

103.5 

106.5 

X250 

102,5 

105.5 

1600 

102.0 

105.0 

2000 

101.0 

104.0 


3Tigure S, Acoustic spectrum (STS ooufiguratiou). 




VS 
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Tlie guiding safety requirement for STS operations shall fee that a failure of any com- 
ponent does not endanger the orfeiter vehicle and its flight crevr. The loading conditions 
■which cprild cause crew safety hazards are listed in Table 5. 


Phase 

Ascent 



Table S. Applicability of 1,4 factor-of-safety, 
(Emergency landing events) 

Potential Hazard 

Puncture of orbiter doors or fuel tanks below 
cargo-bay Hner 

Where failure on ascent could result in puncture of 
crew-cabin bulkhead at orbiter station 582 during 
landing for about-onee-around condition, 

Puncvure of orbiter fuel tanks below cargo-bay liner. 


Loading 

Condition 

fY 

-Z 


-X 


Puncture of crew-cabin bulkhead at orbiter station +Z 

582. 


p 


5. 0 PREPARATION EOR DELIVERY 


Packing and packaging arrangements shall pro-vide adequate protection for the antenna 
component parts to withstand the environmental conditions Incident to trarsportation, 
hantfling, and storage. 

Each deliverable unit shall be cleaned, and labeled prior to shipment, 

6. 0 NOTES 
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